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LOTI CAM POAN

T6i xin cam doan dé tai nghién ciru trong luan vin nay 1a cong trinh nghién ctru
dua trén nhing tai liéu, sb liéu do chinh téi tu tim hiéu va nghién ctu. Chinh
Vi vay, cac két qua nghién ctru dam bao tinh trung thuc va khach quan nhat.
Dodng thai, cac thdng tin trich dan trong luan vin déu duoc ghi rd ngudn géc.
Cac so lieu, két qua néu trong luan vin 1a trung thuc néu sai téi hoan toan chiu
trach nhiém.

Ha Noi, ngay 10 thang 4 nam 2024

Tac gia

Tran Coéng Duy



LOI CAM ON
Pau tién, tdi xin giri 161 cam on sau sic d¢én TS. Lé Thi Quynh Huong da
tin tudng giao dé tai va danh nhiéu thoi gian, tan tinh, tam huyét dé hudéng dan
t6i nghién ciru ciing nhu tao moi diéu kién thuan loi giGp t6i hoan thanh ban

luan van nay.

T6i xin chan thanh cam on quy thay ¢6 ciia Hoc vién Khoa hoc va Cong
nghé - Vién Han lam Khoa hoc va Cong nghé Viét Nam, Vién Nghién ciru va
Ung dung Cong nghé Nha Trang da tan tinh giang day va tao diéu kién dé toi

hoan thanh chuong trinh thac si.

T6i xin cam on Quy NAFOSTED méa s6 103.04-2019.371 va quy nghién
ctiru khoa hoc cua Truong Pai hoc Khanh Hoa md s6 KHTN 21.02 da tai tro
kinh phi cho nghién ciru cua toi trong thoi gian lam luan vin. Su hd tro tai chinh
nay 1 vo ciing quy bau dbi vai toi, gilp toi yén tam tap trung hoc tap.

Nhan day, t6i cling xin giri 161 cam on Ban giam hiéu va cac thay cd bo
mén Vat ly cua trudng Pai hoc Khanh Hoa di tao diéu kién thuan loi dé toi
hoan thanh tét ban luan van.

Cubi cuing, ti xin gtri 101 cam on chan thanh dén b me, 6ng ba, cac anh
chi em va ban bé d ludn dong hanh cung téi, tng hé dong vién tinh than ciing
nhu vat chat dé t6i hoan thanh tét luan vian va khoa hoc nay.

Trong qué trinh 1am luan van, t6i d3 c¢6 gang dé hoan thanh tét luan van
ctia minh. Tuy nhién, luan vian chac chian khong tranh khoi nhitng han ché, noi
dung con nhiéu thiéu sét. Tai rat mong nhan duoc su gop Y, chi dan quy bau
cta quy thay cd, anh chi va ban bé dé luan van dugc hoan thién nhat.

Ha Noi, ngay 10 thang 4 nam 2024

Tac gia

Tran Cong Duy
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MO PAU
Nhiét dung riéng 1a dai lugng dic trung cho su bién thién cua ning lugng
E theo nhiét do T, chira thdng tin vé su chuyén pha tir pha cé su két d6i manh
sang pha c6 su két d6i yéu vai hinh chit S cua duong nhiét dung riéng [1, 2].

Nhiét dung riéng cua cac hé Fermi hiru han, chéng han nhu hat nhan da
thu hat dwoc nhiéu su ch y do méi lién h¢ gita hinh dang ctia n6 va su tit dan
clia cac tuong quan két cap [3, 4].

Dit liéu thuc nghiém hodc ban thuc nghiém va sé liéu cua nhiét dung
riéng rat quan trong dé kiém tra cac mé hinh Ii thuyét khac nhau vé hat nhan
bao gdom mé hinh vo Monte-Carlo [5] va nhiét do hitu han Hartree Fock-
Bogoliubov [6],v.v. Trong cac hé vi md nhu ngdi sao neutron, twong quan két
cap dot ngot bién mat ¢ nhiét do tdi han Tc, ddn dén su gian doan caa nhiét
dung riéng [7]. Tuy nhién, trong c4c hé hat nhan hitu han, cac tuong quan két
cap khdng bién mat & Tc ma giam dan khi ting T>Tc, do dao dong nhiét va
thng ké trong trudng trung binh [8]. Hién twong nay co thé duoc biéu thi 1a sy
thay d6i dot ngot vé do déc cua duong cong nhiét dung riéng, thudng duoc goi
la hinh chir S caa nhiét dung riéng [2, 4, 6, 9, 10].

Thuc té, nhiét dung riéng cua mot hat nhan ¢ dinh 1a mot dai luong nhiét
dong hoc c6 thé dugc xac dinh trong ca hai phuong phap tap hop chinh tic (CE)
va tap hop vi chinh tac (MCE), véi diéu kién 1a phai cé sé liéu hat nhan thuc
nghiém cua mat dé6 mic (MPM) hat nhan, trong mét sé ving ning luong kich
thich. Phuong phap MCE dudng nhu khong pht hop cho cac hé ¢ sb luong
hitu han cac hat vi n6 thuong cung cap cac gia tri phi vat Iy, chang han nhu
nhiét d6 am (xem vi du Hinh 8 cua tai liéu tham khao [11] va Hinh 9 cua tai
licu tham khao [12]), khi duoc ap dung dé tinh toan cac dai lugng nhiét dong
hoc cua hat nhan. Diéu nay khong bao gio Xay ra trong phuong phap (CE). Do
d6 tap hop chinh tic CE 1a mot céch tiép can hop 1y hon dé nghién ciru céc dai
lugng nhiét dong hoc cua hat nhan.

Viéc tinh todn nhiét dung riéng thong qua phuong phap CE van chua
hoan hao vi né doi hoi phai biét MPM hat nhan thuc nghiém trén toan bo dai



ning luong kich thich, cu thé 1a tir 0 dén vai trim MeV. Tuy nhién, dit liéu
MDBM hat nhan thyc nghiém chi ¢ sin ¢ ving niang lugng kich thich thap, 1a
vung ning lugng dudi ning luong lién két neutron By, do gigi han cua cong
nghé thuc nghiém. Bé khic phuc nhuoc diém nay, ngudi ta phai sir dung MPM
hat nhan Iy thuyét & ving niang lwong thiéu dit liéu MPM hat nhan thuc nghiém.
M6 hinh khi Fermi dich chuyén nguoc (BSFG) 1a mé hinh hién twong luan
duoc sur dung rong rai dé xac dinh mat do mac hat nhan [11, 13]. Viéc lam
khép dit liéu MDBM xac dinh tir cong thiec BSFG véi dir liéu MPM hat nhén

thie nghiém giup dua ra cac tham sé tu do dang tin cay.

Bén canh d6, khi dir liéu MPM hat nhan thuc nghiém dugc cap nhat sé
dan dén thay doi gia tri cua cac tham sé ty do trong mé hinh md ta mat do mic
BSFG. Piéu nay lam thay doi gia tri nhiét dung riéng duoc tinh toan. Vi du,
NDR cua cac dong vi %Mo da dugc nghién ctu lai bang céch su dung
phuong phap méi dugc cap nhat dit liéu MPM khuyén nghi cua cé&c hat nhan
93-9%Mo dugc thu thap vao nam 2013 [13]. Nguoi ta nhan thay riang ban cap
nhat nhiét dung riéng khac biét dang ké so véi nhiét dung riéng duoc tinh toan
bang di liéu MPM hat nhan cii dugce do vao nim 2003 va 2006. Két qua 13, tai
lieu [13] khuyén nghi rang: dé c6 duoc gia tri nhiét dung riéng chinh xac va mo
ta tét qua trinh chuyén pha két cap trong cac hat nhan bi kich thich, ching ta
nén str dung dit liéu cuia MPM thyc nghiém hat nhan duoc cap nhat mai nhat
va cac gia tri MPM duoc 1am khép tir mé hinh cua BSFG tét nhat trong ving
nang luong kich thich c6 san dir liéu thuc nghiém cua MPM.

Vao nam 2003 va 2012, nhém Oslo da thuc hién céc thi nghiém sir dung
phan tng (®He, ®He’) va suy ra cac gia tri MDM hat nhan thuc nghiém trong
vung nang luong kich thich bén dudi B, cho °1712Dy [14] va hat nhan 193-1%4Dy
[15]. Bang cach st dung md hinh BSFG két hop vai céc dit liéu duoc do ludong
nay, ho di kiém tra cac dai lugng nhiét dong hoc bao gdm nhiét dung riéng cua
cac dong vi '9'"'%Dy. Tuy nhién, ho da quyét dinh st dung phién ban tham s6
khéng phu thudc vao ning luong ciia md hinh BSFG, khong tinh dén su giam
dan cua cac hiéu ang vo ¢ ving ning luong kich thich cao. Nhom Oslo ciing
d3 tién hanh xac dinh MPM thuc nghiém cho hat nhan 557Fe vao cic nim



2003, 2008 va 2017 [16-18]. Trong bai bao nam 2008, nhiét dung riéng ciing
da duoc khao sét tir mé hinh BSFG vai tham s6 MPM khong phu thudc ning
luong [16].

Nhiéu céng trinh gan day sir dung mé hinh BSFG di khuyén nghi st dung phién
ban BSFG véi céc tham sé phu thudc vao ning lugng cho ving ning lwong
kich thich cao vi nd bao gom su thay doi ctia hiéu tng vo véi viéc ting ning
luong kich thich [19].

Ngoai ra, trong md hinh BSFG vai tham s6 MPM khong phu thudc ning
luong ¢6 bo sung tham sé ;. Tham sé nay duogc giGi thicu 1a dé thay doi kich
thudc cia MPBM hat nhan BSFG phu hgp vai khoang cach mac trung binh thuc
nghiém cta cong huang neutron (dix liéu Do). Cac tham sé nay kém tin cay hon
s0 Véi cac tham sb thu duoc tir viéc 1am khép MBPM tir md hinh ly thuyét véi
dir liéu MPM thuc nghiém cu thé cua ting dong vi hat nhan.

Muc tiéu cta dé tai nay I tién hanh khao sat nhiét dung riéng cta bdn
hat nhan kich thich c6 khéi luong tir nhe dén trung binh vi bén hat nhan Fe-Pd-
Cd va Sn c6 thé lay day du sé liéu thuc nghiém duoc tir RIPL-3 va trong Level
density (con cac hat nhan nhe va trung binh khac céc sé liéu van chua co du va
chua dang tin cdy nén tac khong dua vao dé tai nay), tir 46 mé ta chinh xac vé
su chuyén pha két cap trong cac hat nhan. Tiép do, chung toi so sanh két qua
thu duogc véi két qua ly thuyét khac va s liéu thuc nghiém dé danh gia tinh
dung dan cua mo hinh. Sau d6, chung toi tién hanh khao sat, tong hop, dua ra
danh gi4, phan tich két qua nghién ciru vé su chuyén pha két cap ciia mot s hat
nhén kich thich.

Luan van gdm c6 phan mo dau, ba chuong chinh va chuong két luan -
kién nghi. Trong noi dung cac chuong, ching toi s& lan luot giGi thiéu tong
quan cac mo hinh ly thuyét hién tuong luan va vi mé md ta mat d6 muc cua cac
hat nhan kich thich; phuong phap khao sat su chuyén pha két cap cua cac hat
nhan kich thich va phan tich két qua nghién ciu vé su chuyén pha két cap cua
mét s6 hat nhan kich thich.



CHUONG 1. GIOI THIEU TONG QUAN CAC MO HINH LY
THUYET MO TA MAT PQ MUC HAT NHAN KICH THICH

V& Iy thuyét, mé hinh dé md ta MPM dugc chia thanh hai loai gdm: md
hinh hién tuong luan [20-23] va m6 hinh vi m6 [24-32]. Mi md hinh s& c6
nhitng nhuoc diém va wu diém riéng. Sau day, ching t6i s& lan luot trinh bay
cac mo hinh pho bién dugc st dung dé md ta MPM hat nhan [33,60].

1.1. CAC MO HINH VI MO

O cac md hinh vi md, cac hiéu ang két cap, hiéu tng dao dong va hiéu
ng 16p duoc tinh dén va duge dua vao mot cach vi md hodc ban vi mé. Vi vay
cac phuong phap nay cho phép tinh toan MPM ¢ ning luong Kich thich bat ki.
Tuy nhién cdc md hinh vi mé c6 nhuoc diém 16n 13 tinh toan rat phac tap va
tén rat nhiéu thoi gian khi tinh toan cho cac hat nhan niang. Trong pham vi luan
vin nay, chiing toi xin trinh bay cac mé hinh vi mé gdm: mé hinh Hartree-Fock
két hop voi Iy thuyét siéu dan cua Bardeen-Cooper-Schrieffer, mé hinh
Hartree-Fock-Bogoliubov t6 hop va phuong phap mé phong Monte Carlo dua
trén mau lop.

1.1.1. M@ hinh Hartree-Fock két hep véi ly thuyét siéu dan caa
Bardeen — Cooper — Schrieffer (HFBCS)

Nhu ching ta d3 biét, phuong phap Hartree-Fock (HF) dugc dung dé
nghién ciu vi mo thé trudng trung binh caa hé trong hat nhan, con ly thuyét
siéu dan cua Bardeen—Cooper—Schrieffer (BCS) dugc dung dé tinh toan cac
hiéu ung két cap gitta cac nucleon trong truong trung binh. Khi két hop ly
thuyét siéu dan (BCS) va phuong phap (HF) tao nén mé hinh HFBCS, déy 1a
md hinh tuong tac manh giita cac nucleon thé hién théng qua thé trudng trung
binh dugc tinh toén tir vi mé cua cac bac tu do nucleon [33].

O c4c md hinh vi md, cau trdc hat nhan trong mot trang thai Vat 1y duoc
mo ta thdng qua Viéc giai phuong trinh Hamiltonian ctia hé, biéu dién phuong
trinh nay trong lugng tir hda tha cip gdm hai phan: phan mé ta truong trung
binh H, va phan mo ta két cap Hyq; [34] c6 dang:

H = Hy + Hpgir



1.1
= z 3]( m&m t a]m) Gz Z Ajm ]ma]ma]m (4

jmm>0 jj" mm’>0

Voi a m(@im) 1a toan ti sinh (huy) cua mot nucleon c6 moment goc j, hinh

chiéu moment géc trén truc dbi xirng m va ning luong &. ajm(ajm) cling la cac
toan tir sinh (hay) mot nucleon véi moment gdc j nhung hinh chiéu —m. Hé s6
G dac trung cho cuong do tuong tac cap va cac tuong tac cap nay thuong xet

cho mét cap hai nucleon cung loai.

Trong mo hinh vi mé6 HFBCS, MBM tai spin J dugc tinh theo mat do
trang thai cho hat nhan cau c6 dang [29]:

2] +1 _JU+D (1.2)
E*)) = —— ¢~ oD u(E"),
psph( ]) 2\/%0‘3 ( )

trong d6 hé s cit spin (spin cut-off parameter) ki hiéu 1a o va c6 gié tri tinh tur
cong thac [29, 35]:

1 1 1.3
a?(B) = EZ mjzsechzzﬁEj. (1:3)
J
MPM ciia hat nhan bién dang duogc tinh théng qua biéu thic [29]:

J

Paes(E*,]) = Z

e ~U1G+D/(202)+K3(1/0%=1/02)/2] 1y (E™), (1.4)

VGi o, goi la hé sd cit spin vudng goc. Luc nay MPM hat nhan tong cong duoc
tinh theo cong thac [36]:

p(E) =) p(E".)). (1.5)
]

Theo Iy thuyét HFBCS, thi gia tri MPM thu duoc tir céng thic trén sé
dugc chuan hoa véi sb liéu thuc nghiém théng qua § va a nhu sau [29]:



E;(T) = E*(T) — &, (L6)
Serr(T) = aS(T), (1.7)

trong d6 dai lugng & 1am khép sé tich lity cac murc ning lwogng cua ly thuyét
N(E*) véi thyc nghiém trong ving ning luong thap, a cd gié tri sao cho sé liéu
vé khoang cach muac trung binh Iy thuyét tai ning luwong lién két neutron
Diheory (By) triing véi s6 liéu thuc nghiém twong Gng.

Mo hinh vi mé HFBCS da dugc sir dung tinh toan MPM cho khoang 8000
hat nhan. Mic du HFBCS 1a mé hinh vi mo duoc sir dung rong réi, nd van diing
cac thong sb 1am khép nhu trinh bay ¢ trén dé thu duoc céc gia tri MPM 1y
thuyét phi hop véi s6 liéu thuc nghiém. Bén canh d6, phuong phap HFBCS
chua tinh dén céac thing giang nhiét xuat hién do su hiru han cta hé hat nhan
nguyén tir. Do ¢6 md hinh nay van chua hoan toan vi mé va con ton tai mot sb
han ché [37, 38].

1.1.2. M hinh Hartree-Fock-Bogoliubov té hop (HFBC)

Mot mé hinh vi mé khac da duoc dé xuat béi Goriely va cac cong su cé
tén 1a Hartree-Fock-Bogoliubov t6 hop (HFBC). Nham khac phuc nhitng nhugc
diém ctia md hinh HFBCS trong viéc mé ta hiéu ang két cap. M6 hinh nay van
dua trén phuong phap cua Hartree-Fock nghién cau vi md trong thé truong
trung binh cua hé hat nhan. Piém manh cia mé hinh I hiéu ung két cap da
dugc md ta mot cach tot hon dua trén ly thuyét gia hat va két hop véi phuong
phép to hop.

O phuong phap HFBC nay, cac ton ti sinh va hity cua Bogoliubov van
xac dinh dya trén cac toan tir sinh hat a;fm va huy hat aj,, trén quy dao thur j
[39]:

T _ t _ ~ _ . ~F
Ui = UimGjm — VimGjm, Gm = Uim%jm — Vim G (2.8)

St . 1 (1.9)
Ajm = Uim G + VimGjm Gjm = Wimjm + Vim A,

tir cac toan tu sinh hat va hay hat trén ta cé ki hiéu ~ chi toan tir nghich dao
thoi gian, con m 1a hinh chiéu spin trang thai j 1&n truc ddi xang z. Tir hai biéu



thic (1.20) va (1.21), thi toan tir &, 1a sy két hop dong bo gitra mot trang thai
[jm) ¢6 bién do u;,, véi mét trang thai |j — m) c6 bién do vj,,, nén ta goi toan
tir nay la toan tir sinh gia hat, con toan tir a;,, la toan tir huy gid hat [39].
C4c trang thai don hat va 13 duoc lan lugt dinh nghia [40-44]:
1 _ . _ oI
& = &z+1 €2

1 _ T
mi = Mgy

1 l = 1, ""Ill (110)
pi1 = P74
Ai1= AZ+i
|(€l'2 = €7 —&7-is1
2 _ _ T
{ N S (1.11)
| Pi = Pz-i+1
k Al2= Ag—l+1
|($i3 = En+i — EN
3 _ .V
S S A (1.12)
| Pi = Pn+i
k Aj= A7,
(e = ek = eR-ina
4 M= M (1.13)
4 v yL=1, ---;14;
I Pi = PnN-i+1
k Af: %—l+1

trinh bay lan luot cho trang thai cua cac hat proton, trang théi 15 cua proton,
trang thai hat va trang thai 16 cua hat neutron. Vi cac ki hiéu &, m, p, A 1a ning
lugng cac muc kich thich, hinh chiéu moment géc, chan Ié va khe ning luong
két cap. Con céc chi s6 Iy,1, I, I, 12 s6 cac trang thai roi rac cho timg loai hat-
15. Trong cac biéu thirc trén thi ddu "-" biéu thi hinh chiéu moment géc cta cac
trang thai 15 ludn cung phuong nhung nguoc chiéu véi hinh chiéu moment goc
ctia trang thai tao ra trang thai 16 d6. Nhitng trang thai nay dugc sir dung dé tinh
mat do trang théai hat-15, mat do trang thai tong cong va xay dung ham phan
chia [45]. Vay MPM tinh cho cac hat nhan c6 hinh dang cau dya trén cong thic
c6 dang sau [32]:
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pspn(E*,],P) = w(E*,M =],P) — w(E",M =] + 1, P), (1.14)

trong d6 w 1a mat do trang thai tong cong. Con MPM dbi véi hat nhan bién
dang c6 dang [32]:

1 ]
Paer(E".J,P) = 5 [Z w(E* - ELY, M, P)
M=—],M#0

— (1.15)
—0(),even)O(P=+) “)(E - Er]ootr 0, P)

* ,0
+6(),0a0)0(p=—) @(E* — Ely;,0,P),

V6i 8¢,y Nhan gia tri 1 néu x thoa man diéu kién J 1a chin (1¢) hoac P 13 duong
(dm) va nhan gié tri 0 cho cac truong hop khac. Con Erjoﬂt/[ la nang lugng duoc
sinh ra do chuyén dong quay cua hat nhan quanh truc vudng goc véi truc doi
xung.

Khi c¢6 su két hop vai cac hiéu tng bén ngoai thi MPM toan phan cua
hat nhan duoc tinh theo cong thurc sau [36]:

p(E) =) p(E".],P). (1.16)
J,P

Tuy md hinh HFBC mé ta tét hiéu ung két cip hon so véi HFBCS, n6
van con nhuoc diém 12 bi vi pham nguy@n ly bao toan sé hat nhu d chi ra trong
nhiéu nghién ctu [21, 39, 46-48]. Mat khéc, vai ham phan chia tinh theo
phuong phap t6 hop chi dong gop cho cac trang thai cia mot hat - mot 16 ma
khong xét dén cac trang thai kich thich bac cao hon, nhitng trang thai nay dong
vai tro vo cung quan trong khi nang luong kich thich hat nhan co gia tri lon. T
d6 dé tao su phil hop voi cac két qua thuc nghiém, nguoi ta da thuc hién thém
yéu té méi 1a chuan hda két qua tinh toan ly thuyét vai sé liéu thuc nghiém
thong qua hai hé s6 lam khép. Vi vay moé hinh HFBC ciing khong hoan toan vi
mo.
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1.1.3. Phirong phap md phéng Monte Carlo dwa trén mau lép
(SMMC)

So v41 hai mé hinh HFBCS va HFBC thi phuong phap m6 phéng Monte
Carlo dya trén mau I6p (SMMC) da thanh cong trong viéc md ta MPM thuc
nghiém ctia mot loat cac hat nhan c6 khéi lugng nhe téi trung binh nhu trong
tai liéu tham khao [25-28, 49-51]. Tuy nhién phuong phap SMMC nay van ¢
hai han ché co ban. Han ché dau tién 1a thoi gian tinh toan kha I6n, dic biét doi
vGi cac hat nhan nang. Han ché tha hai 1a van sir dung mot hé sé o, dé lam
khép MPM 1y thuyét véi s6 ligu thuc nghiém.

O phuong phap nay, Hamiltonian st dung trong mau 16p c6 dang [49, 52]:

1
H = z &pj + 52 V],DJZ ’ (117)
j J
trong d6 ¢; goi la nang luong don hat, v; la dai luong dac trung cho tuong tac,
P 12 toan tir mot hat, p; 12t hop tuyén tinh cua toan tir 5, = af.a;r.

Khi T # 0 & nhiét 6 hitu han, cac tinh chat cua hé ciing dugc mo ta bang
ham phan chia cé dang [49]:

Z = Tr(e FH), (1.18)

vai gia tri B = 1/T. Néu khoang (0, B) duoc chia thanh N; doan nho,
mdi doan c¢6 do 16n AB thi e PH = (e—A/fH)Nt nén [49, 52]:

" 1 ~
e—A/)’H ~ 1_[ e—Aﬁejpj 1_[ e—EAijp]?’ (1-19)
J J

Khi st dung bién phu 0; (1) 1a truong ngoai phu thudc vao thoi gian ao
T, VoI T, = nAB (0< 7 < B), ta co [49, 52]:
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o308V} /Aﬁ|v] j daje ~388lvjlo} o ~881v,lsj0;0; (1.20)

VéiSj=i1Ch0Uj <0Vé.Sj=iiCh0Uj>0.

Khi d6 gia tri trung binh cua mot dai luong quan sat duoc c6 thé tinh dya
vao biéu thuc sau [25-28, 49, 50]:

Tr(Oe” ﬁH) /Dlo Wc1>0<0>0

(0) = = re=pm TDlom®, (1.21)
trong do
W, = G4|TrUy|, (1.22)
(0);, =Tr(0QU,)/TrU,, (1.23)
o, =TrU,/|TrU,|, (1.24)

Ki hiéu Monte Carlo dugc biéu dién trong biéu thirc (1.35) théng qua tap
hop U, cua cac nucleon khong tuong tac tinh tir mau lop va tir d6 phuong phap
trén c6 tén la phuong phap mé phong Monte Carlo dua trén mau 16p (SMMC).
Tai nhiét 46 hay ning luong kich thich khac khéng trong tinh chat hat nhan
duoc md ta théng qua viéc sir dung cac ly thuyét vé théng ké tap hop chinh tic
(CE). Khi @6 nang lugng nhiét tai nghich dao nhiét do £ trung vai gia tri trung
binh cua Hamiltonian E(8) = (H). V&ithongsé T = 1/ duoc dua vao thong
qua ham phan chia & dang (1.29). Str dung tich phan dé Iy ham phan chia nay
cua E(B) [51]:

In[Z(8)/2(0)] = f dB'E(B"), (1.25)

v6i Z(0) = Tr (1) 1a tdng s céc trang thai trong khdng gian mau. Mat do trang
thai tai nang luong kich thich w(E*) 1a bién d6i Laplace nguoc cua Z(B), va
dugc tinh gan dung theo cong thic [51]:
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1

W(E") ~ (—2710;—?)_5951 (1.26)

trong d6 E* = E(B) — E(B = =) la nidng lugng kich thich, S la entropy cua hé
V6i S = BE +InZ(B).

Tai nang lugng kich thich thi MBM ciling dugc tinh théng qua mat do
trang thai véi cong thuc:

p(E") = w(E"), (1.27)

1
V2mo,
trong d6 o, goi 1a hé s6 cit spin, gia tri hé s6 nay duoc xac dinh théng qua viéc
lam khép MPM thu duoc tir (1.39) ciing véi s6 liéu thuc nghiem [26].

Tir ndi dung trén, ta thiy dugc ca ba phuong phap HFBCS, HFBC va
SMMC déu chua dua ra duoc nhitng dy doan c6 két qua cao dang tin cay di
voi MDM cua cac hat nhadn ma thuc nghiém chua xac dinh duoc.

1.2. CAC MO HINH HIEN TUGNG LUAN

Déi voi cac mo hinh hién tuong luan dung dé mo ta MPM hat nhan, viéc
thu duoc cac két qua tét phu thudc rat nhiéu vao do chinh xac cua sé liéu thuc
nghiém khi st dung dé tim cac gia tri ctia tham sé 1am khép. Do d6 khi céac s6
lieu thuc nghiém khong c6 hoac khdng tét thi viéc tinh toan va két qua cua
chaing s& khong kha quan va kho thuc hién hozc khdng thé thuc hién duoc. Tuy
nhién cac mo hinh hién twong luan c6 wu diém la viéc tinh toan dé dang va thyc
hién cling don gidn hon cac md hinh vi méd nén chiing van duoc ding trong
nghién ciru md ta MPM cua cé4c hat nhan. Trong phan nay, ching tdi s& trinh
bay mot sé md hinh hién tugng luan phd bién: mé hinh nhiét d6 khong doi, mo
hinh khi Fermi, mé hinh Gilbert-Cameron két hop, mé hinh khi Fermi dich
chuyén nguoc.

1.2.1. M6 hinh nhiét a9 khong doi

M6 hinh hién tuong luan dau tién ching téi trinh bay 1a mau mé hinh
nhiét d6 khong doi. Trong mo hinh nay, nhiét do hat nhan trong ving ning
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lugng kich thich thip duéi nang lwong tach neutron (B,) duoc xem nhu khong
d6i. Mot sé nghién ctru da chi ra ring mé hinh nay cé thé ap dung dé mé ta tét
MBPM hat nhan trong viing ning lugng kich thich thap, 1én téi ving nang luong
kich thich c6 gia tri khoang 20 MeV [33, 53].

O mb hinh nhiét a6 khong doi, sb tich ity cac mirc nang luong N déu
phu thudc vao ning luong kich thich E nén chung dugc md ta bang mot ham e
mil ¢6 dang [36]:

(1.28)

E_Eo)

N(E) = exp( T

Trong cong thuec trén, Ep 1a dai lwgng dac trung cho nang luong hat nhan
tai T = 0, T déc trung cho nhiét d6 cta hat nhan. Hai dai lugng T va Eo déu 12
tham s, gia tri ciia chiing duoc xac dinh bang cach 1am khép gia tri Iy thuyét
tim duoc véi sb liéu thuc nghiém. Trong mo hinh nay, dai luong dic trung cho
nhiét do cua hat nhan T dugc xem 13 khoéng d6i trong ving nang lwong kich
thich thap. Biéu thuc tinh MPM tai ning lwong Kich thich E c6 dang [36]:

dN 1

pcr(E) = —— = —exp (E ;,EO). (1.29)

Bai b4o cong bd gan ddy [54] da khang dinh lai két qua trén nhung cac két
qua nay Van chi ding cho cac hat nhan nhe va trung binh. Di Vi cac hat nhan
nang, md hinh nhiét d6 khong d6i van chi gidi han trong ving ning luong Kich
thich dudi By [54].

1.2.2. M6 hinh khi Fermi

Dé md ta MPM hat nhan nguoi ta st dung dén md hinh hién twong luan
dau tién d6 14 md hinh khi Fermi (Fermi-gas model) [55]. Céc nucleon trong
mau md hinh nay xem nhu khong tuong tac véi nhau nhung lién két dugc véi
nhau boi mot thé don hat (single—particle potential), cac nucleon chuyén dong
trong mét giéng thé vudng canh Ia b c6 dang: [56]:
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Usp(0<x<b)=0
Us.p(x =0) = 0, (1.30)
Us.p(x = b) = 00

V6i U, la thé don hat, x 12 toa d6. Thé don hat ndy 4p dung tuong ty cho cac

toa d6 y va z.

Gia thiét rang trong mau md hinh nay cadc muc ning lugng don hat 12
cach déu nhau va chua tinh dén thanh phan tuong tac spin — quy dao. Nhan dinh
duoc rang so db cac mic nang luong trong mo hinh khi Fermi khéc xa so voi
phd ning luong xac dinh tir thuc nghiém. M6 hinh khi Fermi 12 mét dang don
gian nhat ciia mé hinh don hat doc 1ap. MPM tai nang luong Kich thich E trong
mau mé hinh nay cé dang [36, 55, 57]:

p(E) o exp(2VaE), (1.31)

vGi a la tham s mat d6 mirc, vai mdi hat nhan cé gia tri lubn bang hang s
(phu thudc sb khbi A va khéng phu thudc niang lugng kich thich E), gié tri cua
no6 xac dinh thdng qua qua trinh 1am khép véi céc sé liu thuc nghiém.

Khi tinh toan MPM, ¢6 hai loai s6 liéu thuc nghiém thudng dugc st dung
la s6 tich lily cac mirc ning luong trong ving ning lugng kich thich thap va
khoang cach mirc trung binh Dy tai nang luong kich thich bang dung ning luong
lién két cua neutron B,. M6 hinh khi Fermi ¢ cac dang thé don gian khdng tinh
dén mot sb dic trung vi mé nhu hiéu tng két cap, hiéu chinh I6p,. . . Khi dua
cac hiéu trng nay vao thdng qua cac tham sé ma biéu thuc va gia tri caa chiing
duoc rit ra tir viéc 1am khop véi sé liéu thuc nghiém. Hai tham sé duoc sir dung
va kha pho bién trong cac mé hinh hién twong luan mé ta MPM 1a tham s6 mat
d6 mic (lién quan dén hiéu ang 16p) va tham sé niang luong két cap (lién quan
dén hiéu tng két cap). Nang lugng két cip cia cac nucleon dwa vao biéu thic
tinh MBM thong qua dai lugng nang luong Kich thich hiéu dung U c6 dang
[36]:

U=E—A, (1.32)
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oy +6,(a)
6z(D)
on(c)
0(d)

(1.33)

Vi A 13 nang luong két cap, 8y va 8, lan luot 1a ning luong két cip cua neutron
va proton (gia tri caa cac tham sb dugc tinh don gian dya trén su chénh léch
khdi lugng thuc nghiém giira hat nhan chan va 1&). Trong cong thic trén, cac
biéu thic (a), (b), (c), va (d) ap dung tuong @ng cho cac truong hop ma sb
neutron va proton trong hé la chan - chan, 1é - chan, chan - 1é va I¢é - 18.

Vi biéu thirc tinh MPM cho cac hat nhan khdng bién dang, hiéu chinh
16p duoc dua vao thong qua tham sé mat d6 mac a duéi dang biéu thic don
gian c6 dang [36]:

a
= 0,00917(Sy +S7) + 0,142, (1.34)
con véi cac hat nhan bién dang thi biéu thire c¢d dang
a
- = 0,00917(Sy + ) + 0,120, (1.35)

trong d6 Sy Va S, lan luot 1a cac dai lwong dic trung cho hiéu chinh 16p
cuia netron va proton, A la tong sé cac nucleon trong hat nhan. Biéu thic tinh
MPM tai ning luong E c6 tinh dén céc hiéu tng 16p va két cap c6 dang [36]:

() = 1  exp(2val)
PFG = 12420 al/*(U)5/*’

(1.36)

Vi o 1a hé s6 cit spin, tinh tir cdng thic:

,U
g2 =0,019445/3 — (1.37)

CAc gié tri cua tham sé a, Sy va S, déu duoc hiéu chinh sao cho gia tri
MDBM tinh theo cong thuc trén khop voi sb lieu thuc nghiém. Dir liéu thuc
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nghiém dung dé 1am khép trong viing nay 1a khoang cach mac trung binh tai
ning luong Kich thich bang véi ning luong lién két cua neutron [36,58,59].
Nhiét @6 hat nhan T trong viing nang lugng kich thich cao c6 su phu thuéc vao
nang lugng kich thich theo biéu thuc:

U = aT?. (1.38)

1.2.3. M@ hinh Gilbert-Cameron két hop

Trong vung niang lugng kich thich thap (dugi By) chi mo ta tbt MPM &
m6 hinh nhiét do khong doi, con md hinh khi Fermi chi md ta tot MPM trong
vung ning lugng Kich thich cao (trén By). Tir d6, xuat hién mot md hinh hién
tugng luan mai goi 1a md hinhh Gilbert-Cameron két hop do Gilbert va
Cameron [36] dé xuat dwa trén ¥ tuong két hop hai mé hinh khi Fermi va mo
hinh nhiét d6 khong d6i, hai mé hinh nay khi két hop c6 thé mé ta dugc MPM
trong toan dai niang luong. Vé sau nay md hinh c6 tén goi 1a mé hinh Gilbert-
Cameron két hop. Theo mé hinh Gilbert-Cameron két hop, mé hinh khi Fermi
(1.36) s& duoc sir dung dé mb ta MPM khi nang luong kich thich 16n hon gia

tri nang luong Ex duoc udc lugng nhu sau [36]:
150
E, =25+ T + 6y + 65 (1.39)

Néu ning lugng kich thich c6 gié tri nho hon gid tri ning luong E, thi MPM
duoc tinh theo mé hinh nhiét do khong d6i. Khi céac théng sé cua hai md hinh
trén c6 su két hop duya trén diéu kién lién tuc cia MPM va dao ham bac nhat
cua no tai nang luong E, [36]:

prc(E = Ey) = pcr(E = Ey), (1.40)
%) d
PFG Pcr
= - (1.41)
O0E E<E, 0E E=E,

Hai md hinh nay c6 su két hop véi nhau s& cho két qua MPM 1y thuyét
khé tét khi so sanh véi dit liéu thuc nghiém. Tuy nhién ciing c¢6 nhiéu trudng
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hop khdng thé khép duge dudng cong MPM cho ving ning lugng kich thich
thap pcr va ving ning luong kich thich cao pr¢ [33].

1.2.4. M& hinh khi Fermi dich chuyén ngwoc

Dua trén nhitng wu diém va nhugce diém caa mo hinh khi Fermi, tuy md
hinh nay xuat hién nhung khong thé xac dinh dugc MPM & viing nang luong
kich thich thap va cao. Tur d6, moét mé hinh hién twong luan khac dua trén mo
hinh khi Fermi c6 thé xac dinh duoc dong thoi MDM trong ca hai ving ning
luong kich thich thap va cao 1a mé hinh khi Fermi dich chuyén nguoc (BSFG).
Pay 13 mot md hinh méi ¢6 su phét trién dua trén mé hinh cii. Biém khac biét
gitta m6 hinh nay v&i mé hinh trude lién quan téi hai tham sé ty do 1a tham s6
mat do mac a va ning luong két cap.

Theo md hinh BSFG, MPM hat nhan dugc tinh véi tham sé a va khong
phu thudc vao nang lugng co dang [33, 60]:

exp[Z,/a(E — El)] (1.42)

12v20al/4(E — E{)5/%

pesrc(E) =1

trong d6 dai luong i 1a tham s6 dé 1am khap s6 liéu Iy thuyét véi s6 liéu thuc
nghiém tinh ra tir cong thuc trén, E 1a nang lugng kich thich, va E; = C1 +Epair
la phan dich chuyén ning lugng kich thich, ¢; = —6.647%32 véi A 1 s6
nuclon ctia hat nhan va Epair 14 nang lugng két cap. Nhu vay niang luong kich
thich sé duoc trir di cho mot luong la E; [33].

Trong cOng thtic trén, o duoc tinh tir cdng thuec:

0% = 0.08884%3,[a(E — E,)

véia = 0.214%%7. Nhu vay tham s MPM a la hang s6. Cong thiic BSFG six
dung két ndi dir liéu trong ving ning luong trung gian tir khoang 4 dén
(B, — 1) MeV tai E = B,.. Vi tham s6 MPM a dugc dua vao trong cong thic
tinh MPM d¢é bé chinh hiéu ang 1op.

O md hinh BSFG tham s6 MPM phu thudc vao ning luong, biéu thic
ctia a duoc thay d6i dudi dang mot biéu thic phu thude vao ning lugng. Tham
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s6 a c6 lién quan dén ning luong hiéu chinh 16p cua S, , xac dinh dudi dang
[33]:

SW(Z,A)

a(Z,AE) = a(4) {1 + m

[1- e—ﬂE—EO]}, (1.43)

trong d6 @ la tham s6 MPM tiém cin véi a & ning luong kich thich cao, y 1a
tham sé suy giam, W (Z, 4) 1a nang luong hiéu chinh I6p c¢6 dang:

6W(Z, A) == Mexp - MLD' (144)
Vi My, Va My p 12 khoi lugng hat nhan duge xéc dinh tir thuc nghiém va khoi
lugng hat nhan dugc tinh bang cach st dung cong thic mau giot.
Biéu thirc tinh MPM tai ning luwong kich thich E cia mé hinh nay cho

hé c6 A nucleon gom Z proton va N neutron cé dang nhu sau:

1 exp[Z a(E—El)]

E) = : 1.45
pasre (E) 12720 aV/*(E — E;)5/4 (1.45)

Ta nhan thay riang viéc st dung mé hinh a phu thudc vao ning lugng tot
hon mé hinh a khong phu thudc nang Iugng. M6 hinh BSFG véi a phu thugc
vao niang luong da duoc sir dung rong rdi trong quy trinh chuan hoéa trong
phuong phap Oslo tir nam 2013, trong khi BSFG véi a khéng phu thude vao
nang lugng chi sir dung trude do [33].

Uu diém cua mé hinh khi Fermi dich chuyén nguoc 13 ¢é thé tinh duoc
MPM trong toan dai nang lugng Kich thich. Céc hiéu ung 16p va hiéu ang két
cap duoc tinh mot cach tét hon va do d6 MPM thu dugc kha gan véi sé liéu
thuc nghiém. Bén canh d6, nhuoc diém co ban cia m6 hinh nay cling nhu cac
mo hinh hién twong luan khéc 1a cac tham sé cua nd chi duge xac dinh trong
truong hop khi c¢6 day dua sé liéu thuc nghiém. Néu sé liéu thuc nghiém khéng
t6t hodc khdng co sé lieu thuc nghiém thi két qua tinh toan tir cac md hinh nay

10 rang ciing khong con dang tin cay [60].
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Nhu vay, tir cdc md hinh hién tuong luan da duoc trinh bay & trén, ta thiy
khi c6 sy két hop gitta md hinh khi Fermi va md hinh nhiét d6 khong doi déu
khéng md ta chinh x4c duoc s6 lieu MPM hat nhan trong khoang ning luong
rong tir trang thai co ban dén cac mirc ning lugng cao hon ning lwong lién két
ctia neutron. Viéc két hop nay khong phai luc nao ciing thyuc hién dugc do ching
phu thudc vao d6 chinh xac cua céc s liéu thuc nghiém duoc st dung dé tim
gia tri cua cac tham sé 1am khap. Cudi ciing, ching van ¢6 wu diém 16n 1a dé
tinh toan va don gian hon so vdi cac mé hinh vi mé.
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CHUONG 2. PHUONG PHAP KHAO SAT SU CHUYEN PHA KET
CAP CUA HAT NHAN KIiCH THICH

Trong gidi han cta luan van nay, ching t6i st dung mé hinh khi Fermi
dich chuyén nguoc véi tham s6 MPM a phu thudc vao niang luong. Mo
hinh nay duoc phéat trién tir mé hinh khi Fermi vai viéc tinh dén céac hiéu
rng nhu tuong quan két cap, hiéu tng vo, kich thich tap thé va quay,v.v...,
c6 déng gop dang ké, dé mo ta tét hon MPM cua hat nhan kich thich [61].
Cong thirc tinh MPM theo mé hinh BSFG ¢6 biéu thic nhu di trinh bay &
Chuong 1 muc 1.2.4 c0 dang:

1 exp(Z a(E—El))

E) = (2.1)
pBSFG( ) 12\/70_ a1/4(E_E1)5/4 )

Trong d6 E 1a ning lugng kich thich; E; 13 nang luong dich chuyén nguoc, la
tham s6 tu do duoc xac dinh gia tri bang cach 1am khép véi gié tri thuc nghiem
cua tirng hat nhan; a 1a tham sé mat do mac. Tham sé spin trong biéu thic tinh
MDBM c¢6 dang:

o2 = 0,088842/3 (E_—El),
a

Vi A 1a s6 khéi cua hat nhan.

Tham sé quan trong nhat trong céng thiic BSFG (2.1) 1a tham sé
MDM a, c6 vai trd xac dinh do dbc cua dudng cong MPBM. Trong mot s
nghién cuiu, a gia dinh 12 hing sd, cac gié tri ctia né duoc xac dinh tir viéc
lam khép s6 lieu ly thuyét vai dit liéu thuc nghiém khoang cach muc trung
binh Dy cua hat nhan bi kich thich [62, 63]. Tuy nhién, MPM vi mé tinh
toan da chi ra rang tham sé mat d6 mac a nén phuy thudc vao nang lugng
kich thich [64—67]. Hon thé nixa, hiéu (ing vo ciing dugc dua vao tham sb a
do hiéu trng nay cé anh hudng I6n tai nang luong kich thich thap va giam
dan & ning luong kich thich cao [19, 68, 69]. Do d6 chlng tdi thiy ring
tham s6 MPM a ¢ phu thudc niang luong, c6 tinh dén sy giam dan cua
hiéu ing vo khi ting ning luong 1a téi vu hon, tham sé nay duoc mo ta
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bing mot cdng thuc hién tuong luan [64, 66]:

_ o WEZA [ e
a=(Z,A,E)—a(A){1 = El)[ V(EE)]},

trong d6 a@(A) 1a tham sé mat do muc tiém can dat duoc khi tat ca cac hiéu
tng vo déu bi giam.

Trong luan vin nay, chung toi sir dung mé hinh BSFG véi tham sé
MBPM a phu thudc vao ning lugng dé khao sat nhiét dung riéng caa cac hat
nhén nhe va trung binh kich thich.

2.1. NHIET DUNG RIENG CUA HAT NHAN KIiCH THICH

MPM cd mdi quan hé truc tiép voi ham phan chia nhiét dong hoc,
dac trung cho cac dic tinh théng ké cia mot hé théng trong trang thai
can biang nhiét dong hoc. Nguyén nhan 1a do mot hat nhan nguyén tir co
thé dugc md ta tot bang mot tap hop théng ké ngay ca khi & mic nang luong
kich thich thap véi mat d6 trang thai day dic [70, 71]. Nhu di thao luan trong
phan M& dau, tap hop thng ké chinh tic CE thudng duoc sir dung dé mo ta
cac tinh chat nhiét dong hoc cta hat nhan [60].

Trong tap hop CE nay, ham phan chia Z(T) c6 thé duoc tinh toan
tir MDM bang cach st dung phép bién d6i nghich dao Laplace cia MPM,
¢ biéu thuc dang [69]:

ZE(T) = Z p(E)e Fi/Ton, 2.2)
E:=0

trong d6 p(E;) 1a MPM tong cong tai ning luong kich thich E;, 8E; la
budc nhay cuaa nang lugng, va T la nhiét @6 hat nhan.

Trong cong thuc (2.2), nang lugng Kich thich c6 gia tri tir 0 dén oo,
nghia 12 MPM phai duoc mé rong dén niang lugng muc kich thich rat cao.
Tuy nhién, dir lieu MDPM thyuc nghiém thuong bi gidi han duéi nang luong
lién két neutron B,. Do @6, mé hinh BSFG(2.1) duoc sir dung dé ma rong
tinh toan MPM theo ning lugng kich thich cé gia tri tir B dén 100 MeV.
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Gia tri toi da E; = 120 MeV 1a du dé nghién ctu nhiét dong hoc hat nhan
trong mot pham vi nhiét d@o tur 0 dén 4 MeV [72, 73]. Do d6, phuong trinh (2.2)
duoc chia thanh hai phan, phan dau tién lién quan dén sé lisu MPM thuyc
nghiém, phan tha 2 13 tap hop MPM duoc tinh tir md hinh BSBS, cu thé:

E;<By, E;=100MeV
25T = Z Pexp(Ee FU/TSE; + Z pesrce EV/TSE.  (2.3)
E;=0 E;=Bp

Cac dai lugng nhiét dong hoc nhu entropy, nhiét dung riéng,... duoc
tinh tr ham phan chia (2.3) duoc goi 1a s liéu ban thuc nghiém, duoc
str dung dé so sanh véi céc tinh toan Iy thuyét (xem vi dy, tai liéu tham khao
[10, 72-75]).

Nhu vay, khi biét ham phan chia chdng ta c6 thé dé dang tinh duoc
ning lwong téng cong Er, nhiét dung riéng Cr bang cong thac [71]:

91n Z°E(B)
e (2.4)
_ ,0InZE(p) _0Er 25)

T 0x or ’
voi g =1/T.
2.2. LUU PO THUAT TOAN KHAO SAT NHIET DUNG RIENG THEO
MO HINH KHi FERMI DICH CHUYEN NGUGOC

Chuong trinh tinh toan nhiét dung riéng theo mé hinh BSFG véi tham
s6 MPM phu thudc vao ning luong, duoc viét trén ngén ngit Fortran chay
trén nén gia lap Linux (Cygwin) cta hé diéu hanh Window. Luu dd thuat
toan c6 dang nhu sau [60]:
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Dit liéu dau vao:
Z,N, Eerpy Pexpr W, T =0 — 4 MeV,
AT = 0.001MeV ,
E = Egy,(1) — 100MeV ,SE = 0.1

\ 4

Tinh MDBM theo m6 hinh BSFG cho toan dai nang
lugng Kich thich E = E,,,,(1) — 100MeV

4

Tinh MPM ban thyc nghiém cho toan dai nang
lugng Kich thich E = E,,,,(1) — 100MeV

A\ 4

Tinh MBM ban thuc nghiém cho toan dai nang
lugng kich thich E' = E,,,(1) — 100MeV
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AE = 0,1 MeV
E = Eexp(l)

a = Aagipr3,
E, = E1R1PL3»

Y = YripPL3

Tinh

a(E)psre,

A4

0(E)gsrc, P(E) sk

l

E=E+AE

XUt

Egsre, Pesre

ding

|

Epsrc < 100 MeV

sai

Doi khép p(E) psrg V6i p(E) exp

sai

va p(By)

dang

A 4

Két thic
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E,y, (1) — 100MeV,
AE = 0,1 MeV

Gan
sai
> E = Epgrg,
p(E) = pasre
ding
Gan
E:E+AE E:Eexp;
p(E) = pgsreg
A
Xuat E, p(E)

|

ding
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T =0 —4MeV,
AT =0,01;E,p(E)

Tinh

Z(T),E(T),C(T)

T=T+0,01

XUt
C(T)

A

T <4 MeV

sai
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Trong cac luu dd thuat toan 1, 2, 3 ta co:
Z: s proton cua hat nhan.
N: sb neutron cua hat nhan.
Eexp: nang luong kich thich thuc nghiém.
E: nang luong kich thich.
Eexp(1): ning luwong kich thich thuc nghiém dau tién.
Pexp: Mat do mirc thyc nghigm.
oW nang luong hiéu chinh 16p.
T: nhiét @6 hat nhan.
d: tham sé mat do mac tiém can.
Ei: nang luong dich chuyén nguoc.
y: tham s6 suy giam.

a(E)ssea: tham sé mat do muc tai nang lugng kich thich duoc tinh theo md
hinh BSFG.

o(E)ssre: hé sb cat spin tai ning luong kich thich dugc tinh theo mé hinh
BSFG.

p(E)ssec: mat do muc tai nang luong kich thich dugc tinh theo md hinh
BSFG.

P(E)exp: mat ¢ muc thuc nghiém.

p(Bn): mat do muc tai nang lugng tach neutron B, duogc tinh tur gia
tri thuc nghiém khoang cach muc Do.

Z(T): ham phan chia theo nhiét do T
E(T): ning luong tong hop theo nhiét do T.
C(T): nhiét dung riéng theo nhiét do T.

Chuong trinh tinh toan duoc viét trén ngdn ngit 1ap trinh Fortran chay
trén Cygwin cta hé diéu hanh Windows. M4y tinh ca nhan duoc sir dung
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dé chay chuong trinh c6 cac thong sb ki thuat nhu sau: bo xur ly Intel Core
i3 1005G1, bo nhé 4GB, toc do xur ly dit liéu 2,4 GHz.

2.3 CHUONG TRINH LAP TRINH TiNH TOAN

Chuong trinh tinh toan dwoc viét trén 1ap trinh Fortran chay trén Cygwin
cta hé diéu hanh Windows dé tinh toan cho cac ddng vi cua cac hat nhan:
Fe, Cd, Pd, Sn.

Duéi day 1a chuong trinh tinh toan duoc viét mau cho dong vi cua hat nhan
Fe. Cac d@)ng vi Pd, Cd va Sn tuong ty nhu Fe.

IMPLICIT REAL*8(A-H, 0-2)

PARAMETER (NIT=410,DT=0.01D0,NE=1000,

DE=0.1D0,NEX=40.0D0)

DIMENSION RHO_FG(NE),RHO_EXP(NEX),

EEX(NEX),ID(NEX),EFG(NE),

& RA(NE),SIGMA(NE),

& RHO_EXFG(NE),EI(NE),ET(NIT),RT(NIT),RC(NIT),

& ST(NIT),FT(NIT),EOT(NIT)

10 FORMAT(20(F10.4,1X))

11 FORMAT(20(E10.4,1X))

eSS e
OPEN(UNIT=101,FILE="NLD Exp 2008.txt’,STATUS="UNKNOWN’

OPEN(UNIT=110,FILE="RHOFG.txt’, STATUS="UNKNOWN")

OPEN(UNIT=120,FILE="ET.txt’,STATUS=""UNKNOWN")

OPEN(UNIT=130,FILE="CT.txt’,STATUS=""UNKNOWN")

e e e e e e e e e

DO 1=1,NEX

READ(101,*)J ,EEX(1),RHO_EXP(I)
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END DO

AA=56.0D0

NETA=0.0D0

RS=2.76808D0

RGAMMA=0.06D0
RAA=5.56793834685D0
REE1=0.566777748D0
RE1=NETA*(12.0D0/(DSQRT(AA)))+REE1
RE2=RE1

T=0.01D0

cCalculating a (energy dependence of a)
EE=EEX(2)

C ETA calculation

c U=EE_ETA-E1

DO I=1,NE

EFG (1)= EE
RA()=RAA*(1.0D0+((RS)/(EE-RE2))

& *(1.0D0-DEXP((-RGAMMA)*(EE-RE2))))

SIGMA(I)=DSQRT(0.0888D0*A**(2.0D0/3.0D0)*DSQRT(RA(I)*(EE-
RE1)))

RHO_FG(1)=(DEXP(2.0D0*DSQRT(RA(I)*(EE-REL))))

& /(12.0D0*DSQRT(2.0D0)*RA(1)**0.25D0 *(EE-RE1)**1.25D0
**SIGMA(I))

¢ (*,10)EE,RHO_FG(I),RA(I)
WRITE(110,11)EE,RHO_FG(1)
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EE=EE+DE

END DO

DO I=1,NE

IF (I.LE.NEX) THEN

EI(1)=EEX(I)
RHO_EXFG(1)=RHO_EXP(I)
ELSE

EI(1)=EFG(I-NEX)
RHO_EXFG(1)=RHO_FG(I-NEX)
END IF

¢ WRITE(*,*)I,EI(1),RHO_EXFG(I)
END DO

DO IT=1,NIT

RT(IT)=T

SE=0.0D0

Z=0.0D0

DO I=1,NE-1

DEE=EI(1+1)-EI(1)
Z=7Z+RHO_EXFG(I)*DEXP(-EI(I)/T)*DEE
SE=SE+EI(1)*RHO_EXFG(1)*DEXP(-EI(1)/T)*DEE
¢ WRITE(120,%)RT(IT),1,Z,SE

END DO

ET(IT)=SE/Z
EOT(IT)=ET(IT)-ET(1)

T=T+DT
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END DO

DO 1=1,NIT-1

RC(I)=(ET(I+1)-ET(1))/DT

¢ WRITE(*,10)RT(1),ET(1),RC(I)
WRITE(120,10)RT(1),ET(1),RC(1),ST(1),FT(1),EOT(1)
END DO

khkkhkkhhhkkhhkhhkikkhkihikhihikiikikx

END

khkkhkkhhhkkhhkhhkkhhkhhkhhkhkihkhhkkihkhhihkhihkkihihihkihkkiihkkiikkx

¢ FIRST DERIVATIVE USING THREE POINTS
e e e e e e e e e e e e ok
SUBROUTINE DERI(A,N,B,DT)

IMPLICIT REAL*8(A-H,0-2)

DIMENSION A(N), B(N)

DO I=1, N-2

B(I) = -0.5D0*(A(1+2)-4*A(I+1)+3*A(1))/DT

END DO

RETURN

END
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CHUONG 3. PHAN TiCH KET QUA TINH TOAN VA THAO LUAN
3.1. CAC SO LIEU PAU VAO CHO TINH TOAN

Phuong phap BSFG véi tham s6 MPM phuy thudc vao ning luong da
duogc &p dung dé tinh MPM cho mdt sb hat nhan 56-57Fe, 105-108pq 111-112C 116-
195N va so sanh véi cac sb liéu thuc nghiém cua hai nhdm thuc nghiém nhoém
Oslo va nhdm Ohio. Céc théng s6 dau vao cho tinh toan da duoc liét ké trong
bang 3.1.

Bang 3.1. S liéu dau vao trong tinh toan MPM theo md hinh BSFG cho cac
hat nhan

n':gtn yi N L | SW(MeV) | B,(MeV) | Dy(eV)
5oFe 26 30 15 | -1,28500 | 11,197 | 3360
5TFe 26 31 0 -1,31103 | 9,298 | 25400
105pg 46 59 0 2,06640 | 7,004 240
106pg 46 60 25 | 234052 | 9,561 10.3
107pg 46 61 0 3,19274 | 6,536 270
108pg 46 62 25 | 317786 | 9,228 11
nicq 48 63 0 2,37875 | 6,976 155
1204 48 64 05 | 241276 | 9,394 20
1165 50 66 0 0,90500 | 9,563 -
17gy 50 67 0 1,44119 | 6,943 380
118G 50 68 05 | 1,18009 | 9,327 55
119G 50 69 0 1,46645 | 6,485 480
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Trong do:
Z: sb proton cua hat nhan
N: s& neutron cua hat nhan
I;: spin trang thai co ban cua hat nhan bia.
SW (MeV): nang Iugng hiéu chinh 16p.

p(By): mat do muc tai nang lugng tach neutron B,, duoc tinh tr gia tri thyc
nghiém khoang cach mac D,,.

Trong bang 3.1, cé4c thdng sé dau vao cua hat nhan %5Fe duogc lay tir
Bang | trong tai liéu [16], d6i véi hat nhan 195198pqd dugc tham khao tir Bang 1
trong tai liéu [76], vai hat nhan 111112Cd duoc tham khao trong Bang 1 cua tai
lieu [77] va hat nhan 116119Sn dugc lay tir Bang | trong tai liéu [78]. Riéng s6
liéu I; cho cac hat nhén, ching toi tham khao o tai liéu [79].

Bang 3.2. B6 sung sé liéu trong RIP-3 dé so sanh

Hat nhan y(MeV™1) a(MeV~1) E,(MeV)
56 0,06000 5,367938 0,566778
STFe 0,06000 6,86831 -0,23113
105pq 0,08697 11,57992 -0,59955
106pq 0,08669 12,31293 1,15540
107pq 0,08642 11,77894 -0,40838
108pq 0,08616 12,23825 1,20474
111cq 0,08537 12,73994 -0,23220
112¢( 0,08512 13,11778 1,22978
1165 0,00189 13,10341 1,50245
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1178n 0,08389 13,60341 0,60245
118g, 0,08365 12,98584 1,29957
119Gn 0,08341 13,32398 0,16677
Trong do:

y: tham sé suy giam
d: tham s6 mat do mac tiém can
E,: nang luong dich chuyén nguoc

Cac tham s tu do trong Bang 3.2 nhan duoc bang cach lam khop gia tri
MPM tinh tir md hinh BSFG c¢6 tham sé6 MPM phu thudc ning lugng véi sd
licu MPM thyc nghiém cho cac hat nhan. Céac tham sb nay s& duoc dung dé
tinh toan sé liéu & phan sau cua tai liéu [60].

Bang 3.3. Bang s6 liéu tinh tir dé tai cta luan van

Hat nhan y(MeV™1) a(MeV~1) E,(MeV)
56 0,06000 5,367938 0,566778
57Fe 0,06000 5,467938 -0,04678
105pq 0,08697 11,02992 -0,42955
106pq 0,08669 11,41293 1,05540
107pq 0,08642 10,79894 -0,50838
108pq 0,01416 13,03825 1,20475
icd 0,06537 12,73994 -0,23220
112¢( 0,05012 12,65778 1,02978
1165 0,00189 13,10341 1,50245
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17gp 0,07390 13,60341 0,99545
118G, 0,01365 12,98584 1,39957
119G, 0,07341 12,32398 0,12677

3.2. PHAN TiCH KET QUA CAC NHIET DUNG RIENG
3.2.1. Hat nhén Fe

10'°
Exp.data 2003
Exp. data 2008
Exp. data 2017(2) .
10% Exp. data 20&;&1)
- BSFG Thiswor k ———
2 10° |
2
56
g Fe (a) *"Fe (b)
£ 10 g
Q-
ko)
&
=

(=]
(8]

10° 4 8%

0 2 4 6 8 10 12 2 4 6 8 10 12
Nang luong kich thich (MeV) Nang luong kich thich (MeV)

Hinh 3.1. So sanh sé liéu mat do muac thuc nghiém ctia nim 2003/2008 va nim
2017 véi s6 liéu duoc tinh tir mé hinh BSFG theo ning lugng kich thich trong
khoang 0 - 12 MeV cho céc hat nhan %°Fe (a), >'Fe (b).

Trong hinh 3.1, cac nét lién 1a MPM thu duoc bang cach st dung cong
thirc BSFG (1.36) véi cac tham sé duoc liét ké trong bang 3.1. C6 hai s6 liéu
thuc nghiém MDM cta nam 2017. Trong nghién ctru nay, chung toi tinh toan
MDPM sao cho tét nhat véi sé lieu thuc nghiém nam 2017 dau tién (ki hiéu 1a
Exp.data 2017(1)). Céc dau chéo (véi sai s6), hinh thoi rdng (véi sai s6), hinh
thoi dac (véi sai s6), hinh tam giéc rong (véi sai sd) 1a dix liéu MPM duoc lay
tir tai liéu [16-18] cho céc hat nhan 56Fe (a), 5’Fe (b). Tir hinh 3.1, ta c6 thé d&
dang nhan thiy gié trif MPM cua mo hinh BSFG (dudng nét lién) thu duoc bang
cach st dung cac tham sé trong bang 3.2 rat phi hop véi tap dir liéu thuc
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nghiém nam 2008 [16]. M6 hinh BSFG mé ta tét dit liéu thuc nghiém MPM
trong khoang ning luong kich thich trén 2 MeV cho tat ca cac hat nhan duoc
khao sat. Trong khoang nang lugng Kich thich dudi 2 MeV, BSFG khéng tai
hién duoc sé lieu MPM thir nghiém. Diéu nay 12 do md hinh BSFG gia dinh
rang MPM 1a lién tuc trong ving ning lugng thip nhung dir liéu MPM thuc
nghiém trong ving ning luong nay thudng thé hién ciu tric giéng nhu bac
thang, tirc 1a ¢6 su thay d6i dot ngot vé do dc cia MPM tai mot niang lugng
nhat dinh, day c6 thé la két qua cua su pha v& cap nucleon dau tién. Picu nay
thé hién rd hon & su khéc biét giita hat nhan chan — chin (*°Fe) véi hat nhan
chan — I& (°Fe) vi hat nhan chan — & dd c6 mot nucleon chua ghép cip o trang
thai 6n dinh, trong khi hat nhan chin — chan phai duoc kich thich biang mot
ning luong riéng dé pha v& cap nucleon thi nhat. Khi niang lugng Kich thich
tang 1én, sy pha v& cac cap nucleon lién tiép xay ra, dan dén mot sé lugng I6n
cac nucleon khdng ghép cip. Do dé, cau tric bac thang bi 1am nhin va khéng
con duoc quan sét thay nira. Hinh 3.1 ciing chi ra rang BSFG trong cong trinh
cuia ching toi tai hien tét dix liéu Do thuc nghiém duoc lay tir co sé dir lieu RIPL
— 3 [80] va tai liéu [16] vi tat ca cac duong BSFG déu di qua cac diém dit lieu
tuong (rng ctia chdng. C4c gia tri phi hop nhét cta cac tham sé tu do thu duoc
trong mé hinh BSFG hién tai duogc liét ké trong bang 3.2.

10°° : .

Exp.data 2003 ——
Exp. data 2008
25 Exp.data 2017(1) & —
10 Exp.data2017(2) + =~ ¥
Cal.
BSFG This wor kK ——

(a]
(5]
o

Fe (a)

w

o
~

Mat d6 mic (MeV™)
=3 =}

0 20 40 60 80 100 120 20 40 60 80 100 120

Nang luong kich thich (MeV) Nang lugng kich thich (MeV)
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Hinh 3.2. So sanh mat d6 miac BSFG theo nang lugng kich thich trong khoang
0 - 100 MeV cho cac hat nhan >®Fe(a), °’Fe(b).

Hinh 3.2 biéu dién so sanh MPM duoc tinh toan tir mé hinh BSFG theo
ning luong kich thich cho hat nhan %57Fe trong khoang tir 0 MeV dén 100
MeV. Trong hinh 3.2, mat 6 mtic BSFG dugc tinh bang cach st dung cong
thirc v6i tham sé mat do mac ¢6 phu thudc vao niang luong va sé liéu thuc
nghiém nam 2017(1) (cac hinh thoi dic), con mat ¢6 BSFG duoc lay tur tai
liéu [16] duoc tinh tir cong thic vai tham sé MPM a4 hang sé va sé liéu
thyc nghiém nam 2008 (cac hinh thoi rdng). Tir hinh 3.2 ¢6 thé thay r6 rang
cac mat do mic BSFG nam 2017 (k¥ hiéu 1a BSFG This work) thép hon so
vai gia tri mat do6 mac BSFG (ky hiéu la Exp. data 2008) & vung nang
luwong cao, trong khi chiing gan nhu gidng nhau & ving nang luong thap. Su
khéc biét gitra mat d6 mirc BSFG 2008 va BSFG 2017(1) cua >*>"Fe (3.2b)
14 nho nhat, dan dén su khac biét nho vé nhiét dung riéng cua hat nhan nay.

This work 2008 ——
14 Algin 2008 — -
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Hinh 3.3. So sanh nhiét dung riéng C duoc tinh theo mé hinh BSFG tir s liéu
thuc nghiém cta nam 2008 (This work) va dugc trich tr tai liéu Algin nam
2008 cho hat nhan *Fe.
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Hinh 3.3 so sanh nhiét dung riéng duoc tinh theo md hinh BSFG c6
tham s6 MPM khang phu thudc nang luong do Algin tinh nim 2008 (dudng
nét dut) véi nhiét dung riéng duoc tinh theo mé hinh BSFG cé phu thuéc
nang luong do chiing t6i tinh (duong nét lién) 56Fe. Sé liéu thyc nghiém cua
MDBM déu 1 sé liéu caa nam 2008. Vi vay nhiét dung riéng trong khoang
tir 0 dén 0.5 MeV la gidng nhau. Tuy nhién nhiét dung riéng trong khoang
tir 0.5 ¢én 1.2 c6 su khac nhau rd rét do sy khac nhau trong cong thuc tinh
MDM cua hai md hinh BSFG. Ttr hinh 3.3 thay ring nhiét dung riéng duoc
tinh tir mé hinh BSFG vé&i tham s6 MPM phu thudc nang luong c6 diém ubn
I6n trong khoang nhiét @6 tir 0.5 dén 0.7 MeV. Trong khi diéu nay khdng thé
hién r6 trong két qua tinh Algin nam 2008 [16].

This work ——
14 Algin ————- A
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Hinh 3.4. So sanh nhiét dung riéng C dugc tinh theo mé hinh BSFG tir s6
liéu thuc nghiém cta nam 2008 (This work) va dugc trich tur tai liéu Algin
ndm 2008 cho hat nhan *"Fe.

Hinh 3.4 so sanh nhiét dung riéng duoc tinh theo mo hinh BSFG c6
tham s6 MPM khong phu thudc nang luong do Algin tinh nim 2008 (dudng
nét dut) véi nhiét dung riéng duoc tinh theo mé hinh BSFG c6 phu thugc
ning luong do ching toi tinh (dudng nét lién) cho hat nhan 57Fe. Sé liéu
thuc nghiém cia MPM déu 14 sb liéu cua nim 2008. Vi vay nhiét dung
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riéng trong khoang tir 0 d&én 0.5 MeV la gidng nhau. Tuy nhién nhiét dung
riéng trong khoang tir 0.5 dén 1.2 ¢é sy khac nhau rd rét do su khac nhau
trong cong thic tinh MPM cua hai mé hinh BSFG. T hinh 3.4 thiy ring
nhiét dung riéng cua *'Fe duoc tinh tir dit liéu thuc nghiém MDPM cua nim
2008 trong cdng trinh cua chdng t6i va cua Algin déu khdng c6 biéu hién
chir S dic trung cho chuyén pha két cap.

a0 | ' This work Fe57(2008) —— |
This work Fe56(2008) ————-
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Hinh 3.5. So sanh nhiét dung riéng C duoc tinh theo mé hinh BSFG tur s6
liéu thuc nghiém cua nam 2008 trong nghién cau hién tai (This work) va
duoc trich tir tai liéu Algin nim 2008 cho hat nhan >%°Fe,

Trong hinh 3.5 ching toi thuc hién so sdnh nhiét dung riéng gitra hai hat
nhan %Fe va %Fe. Mic du déu lay sb liéu MPM thuc nghiém tir nim 2008,
bang céach sir dung mé hinh BSFG véi tham s6 MPM phu thudc vao ning
luong, két qua nhiét dung riéng gitra %°Fe va %Fe tir tinh toan cua ching
ti (This work) c6 sy khac biét rat 16n. Hinh dang chit S ¢ Fe I6n hon
rat nhiéu so voi ¥Fe. Sy khéc biét nhiét dung riéng giita °Fe va 'Fe trong
nghién cau cua Algin ciling cd, tuy nhién khong qua rd nét. Chang ta co
thé thay diéu nay ¢ hinh 3.6. Sy khac biét gitra nhiét dung riéng trong nghién
ctu cua chung téi ¢ hinh 3.5 va nhiét dung riéng trong nghién ctru cua
Algin & hinh 3.6 dugc quan sat thy rd ¢ nhiét do cao trén 0.8 MeV d6i véi ca
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6Fe va S"Fe. Riéng ddi véi %Fe, sy khac biét bat dau thé hién tir nhiét do 0.6
MeV. Cu thé, nhiét dung riéng trong nghién ciu cua ching toi nhd hon
va it déc hon nhitng gia tri trong nghién ctu cua Algin [16]. Su khéc biét nay xuat
phat tir su khac biét gitra cac gia tri MDM thu duoc tr md hinh BSFG thé hién
trong hinh 3.2.

Fe57 Algin 2008 ——
- Fe56 Algin 2008 - - -
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Hinh 3.6. So sanh nhiét dung riéng C duoc tinh theo mé hinh BSFG tur s6
liéu thuc nghiém nam 2008 va duoc trich tir nghién ciu caa Algin cho hat
nhan %6-5"Fe.
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" This work Fe57(2017) ——
14 This work Fe56(2017) - - - -
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Hinh 3.7. So sanh nhiét dung riéng C duoc tinh theo mé hinh BSFG tur s6
liéu thyc nghiém cta nam 2017(1) (This work) cho hat nhan %%-°"Fe.

Hinh 3.7 biéu dién nhiét dung riéng duoc tinh tir MBM thyuc nghiém
ctia nim 2017 bang BSFG c6 tham sé6 MPM phu thudc vao ning luong
trong nghién ctru ctia ching t6i. Cac dudng nét dut 1a két qua thu duogc trong
nghién ctu hién tai bang cach st dung cong thuc tinh MPM exp + BSFG
ctia %%Fe, con dudng nét lién 1a cac két qua thu duogc trong nghién ciu hién
tai bang cach sir dung céng thic tinh MPM exp + BSFG cua *'Fe. Nhiét
dung riéng cta hat nhan 5Fe ¢ mot chat diém udn trong khoang nhiét do
tr 0.5 dén 0.7 MeV. Tuy nhién, diéu ndy khéng that su rd nét. Ching toi
hoan toan khéng thay diém uén ddi vai hat nhan ’Fe. Trong ving nhiét do
thap tir 0 dén 0.2 MeV, su thiang giang cta nhiét dung ¢ ca hai hat nhan la
rat Ion. Nguy@n nhan c6 thé 1a do su thing giang gia tri MPM thuc nghiém
nam 2017 cua hai hat nhan & viing nay thé hién ¢ hinh 3.1.

3.2.2. Hat nhan Pd

Hinh 3.8 (a-d) biéu di&n mat ¢ muc toan phan p theo ham cua nang
lugng kich thich E* cho cac hat nhan 1%Pd (a), %Pd (b), °/Pd (c), °Pd
(d) thu duoc tir md hinh BSFG véi tham s6 MPM co6 phu thudc vao ning
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luong (dudng nét dut) va so sanh vaéi sb liéu thuc nghiém (duong gach véi sai
s6) ctia nhdm Oslo [76]. pgsre rat phi hop véi cac sé liéu thuc nghiém cho
tat ca cac hat nhan 1°°Pd (a), °°Pd (b), 97Pd (c), °®Pd (d). Diéu nay da
g6p phan khang dinh d6 tin cay cia phuong phap BSFG voi tham s6 MPM
phu thudc nang luong.

I Exp. daLca 2014 ——+—
108 L BSFG This work —=—— |
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Hinh 3.8. Mat ¢6 mtic toan phan p theo ham cua nang luong kich thich E*
trong khoang 0-12 MeV thu dugc tir mé hinh BSFG va so sanh véi sé liéu
thuc nghiém nim 2014 cho cac hat nhan ®Pd (a), °Pd (b), "Pd (c),
108pd (d).
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Hinh 3.9. Mat d6 mc toan phan p theo ham cua niang luwong kich thich E*
trong khoang 0-100 MeV thu dugc tir md hinh BSFG va so sanh vai sé liéu
thuc nghiém nim 2014 cho cac hat nhan ®Pd (a), °Pd (b), "Pd (c),
108pq (d).

Hinh 3.9 biéu dién mat ¢ muc toan phan p theo ham cua nang lugng
kich thich E* trong khoang 0 — 100 MeV thu dugc tr mé hinh BSFG véi
MBM phu thudc niang luong va so sanh véi sd liéu thuc nghiém nam 2014
cho cac hat nhan '%Pd (a), 1%Pd (b), °’Pd (c), 1%Pd (d). Viéc tinh MPM
hat nhan trong khoang niang luong tir 0 dén 100 MeV gitp mo ta tét nhiét
dung riéng.



45

T hinh 3.10 thay rang nhiét dung riéng cua cac hat nhan chan — chin
106pg (b), %Pd (d) c6 hinh dang tuwong tu nhau, cidc hat nhan chan — I¢
105pd (a), 7Pd (c) ciing ¢6 hinh dang tuong ty nhau. Dic biét, nhiét dung
riéng cua cac hat nhan chin — chin cé hinh dang chit S rat rd nét. Biéu nay
ching to ning luong két cip 16n. Bén canh do, nhiét dung riéng cac hat
nhan chan — 1& c6 diém udn nho. Vé mit i thuyét, didu nay hoan toan phu
hop do hat nhan chin — chin dugc biét s& co ning luong két cap I6n hon
cac hat nhan chan — 18,

35 :
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Hinh 3.10. Nhiét dung riéng theo ham cuaa nhiét dé thu dugc tr md hinh
BSFG cho cac hat nhan %°Pd (a), °°Pd (b), °’Pd (c), 1%Pd (d).
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3.2.3. Hat nhan Cd

10®
Exp. data 2013
7 BSFG This work
100 ¢ Cal
10° ]

Mat do mic (MeV?)
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Nang luong kich thich (MeV) Nang luong kich thich (MeV)
Hinh 3.11. M4t d6 muc toan phan p theo ham cua ning luong kich thich E*
thu duoc tir mo6 hinh BSFG theo nang lugng kich thich trong khoang 0 — 12
MeV cho cac hat nhan !Cd (a) va *2Cd (b).

Hinh 3.11 va hinh 3.12 biéu dién mat d6 muc toan phan p theo ham
cta ning luong kich thich E* cho cac hat nhan ''Cd (a) va *?Cd (b) thu
dugc tir md hinh BSFG véi tham s6 MPM c¢6 phu thudc vao ning luong
(duong nét lién) va so sanh vaéi sé liéu thuc nghiém caa nhom Oslo nim
2013 [80]. pgsre rat phu hop véi cac sé liéu thuc nghiém cho cac hat nhan
icd (a) va M2Cd (b). biéu ndy mét lan nira khiang dinh d6 tin cay cua
phuong phap BSFG vé&i tham s6 MPM phu thudc ning luong.
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Hinh 3.12. Mat @6 muc p theo ham nang lugng kich thich E* trong khoang
0 — 100 MeV thu dugc tir m6 hinh BSFG cho cac hat nhan 'Cd (a) va
112Cd (b).
Hinh 3.12 biéu dién mat d6 mac p theo ham ning luong kich thich
E* trong khoang 0 — 100 MeV thu dugc tr mé hinh BSFG cho cac hat nhan
U1Cd (a) va 2Cd (b).
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Hinh 3.13. Nhiét dung riéng C theo ham nhiét @6 T thu dugc tir md hinh
BSFG véi tham s6 MPM phu thudc niang lugng cho céc hat nhan 11*Cd (a)
va 12Cd (b).

Hinh 3.13 biéu di&n nhiét dung riéng C theo ham cua nhiét d6 T thu
dugc tir mo hinh BSFG cho cac doéng vi cua hat nhan 1Cd (a) va 2Cd
(b). Trong hinh v&, nhiét dung riéng cia dong vi hat nhan *2Cd (b) duoc
so sanh va&i nhiét dung riéng caa hat nhan Cd (a). T hinh vé ta thay,
nhiét dung riéng cua hat nhan chan — chan *2Cd (b) c6 hinh dang chit S
manh hon nhiéu so v&i hat nhan chan — Ié 1™ Cd (a). Su khac biét rd rang
gitra hai nhiét dung riéng nay la hop Ii bai vi hat nhan chan — chan thuong
biéu hién tuong quan két cap manh hon hat nhan chan — lé.
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3.2.4. Hat nhéan Sn
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Hinh 3.14. Mat ¢6 muc toan phan p theo ham cua nang luong kich thich E*
thu duoc tir mé hinh BSFG theo nang lugng kich thich trong khoang 0-12
MeV cho cac hat nhan 1%Sn (a), ’Sn (b), *¥Sn (c), *°Sn (d).

Hinh 3.14 (a), (b), (c), (d) biéu dién mat d6 muc toan phan p theo ham
cua ning lugng kich thich E* cho cac hat nhan 11%Sn (a), 1¥'Sn (b),!*¥Sn (c)
va °Sn (d) thu duogc tir mé hinh BSFG vai tham s6 MPM c¢6 phu thudc
vao nang luong (dudong nét lién) va so sanh véi sé liéu thuc nghiém cua

12
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nhém Oslo nam 2009 [78]. pesec rat phi hop vai cac sé liéu thuc nghiém
cho cac hat nhan %Sn (a), *'Sn (b),*8Sn (c) va °Sn (d). Tuy nhién,
trong ving nang lugng kich thich thap tir 0 ¢én 4 MeV, md hinh BSFG
khoéng mé ta tét MPM thuc nghiém. Nguyén nhan diéu nay da giai thich ¢
muc 3.1.

Mat do mic (MeV?)
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Hinh 3.15. Mat d6 muac p theo ham cua nang lugng kich thich E* trong
khoang 0-100 MeV thu duogc tir mé hinh BSFG theo nang lugng Kich thich
cho cac hat nhan %Sn (a), *’Sn (b), 8Sn (c), *°Sn (d).
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Hinh 3.15 biéu di&n mat do6 mac p theo ham cua nang lugng kich thich
E* trong khoang 0-100 MeV thu dugc tir md hinh BSFG véi tham s6 MPM
phu thudc vao ning luong cho hat nhan °Sn (a), 1'Sn (b), 18Sn (c) va
1195 (d).
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Hinh 3.16. Nhiét dung riéng C theo ham nhiét @6 T thu dugc tir mo hinh

BSFG voi tham s6 MPM phu thudc ning luong cho c4c hat nhan 18Sn (a),
11791 (b), 8Sn (c), °Sn (d).

Tu hinh 3.16 thdy rang nhiét dung riéng cua cac hat nhan chan - chin
116Sn va 18Sn c6 hinh dang tuong tu nhau, cac hat nhan chan - 1é 17Sn va
119Gn cling ¢6 hinh dang twong ty nhau. Nhiét dung riéng cua cac hat nhan
chan - chan c6 hinh dang chir S rat rd nét. Nhiét dung riéng cua cac hat nhan
chin - Ié ciing c¢6 hinh dang chit S mic du khéng rd bang cac hat nhan
chin - chin. Pic biét, hat nhan chin - chin 8Sn c6 diém udn rat Ion.
Piéu nay ching té nang luong két cap lon. Vé mat Ii thuyét, nhiét dung
rieng cua ca bdn hat nhan '6-19Sp d¢éu c6 hinh dang chit S 16 nét, dugc
giai thich 1a do cac dong vi cua hat nhan Sn c6 sé proton 1a sé magic (Z=50).
Do d6, cac hat nhan nay co6 niang lugng két cap kha 16n.
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KET LUAN VA KIEN NGHI

Trong luan van nay, ching tdi da nghién ctiru mé hinh khi Fermi dich
chuyén ngugc (BSFG) dé md ta mat d6 muc toan phan cua mot sé hat nhan
kich thich c6 khéi lwong nhe va trung binh, tir d6 so sanh véi sb liéu thuc
nghiém dé danh gia tinh dang din ctia mé hinh. Sau d6 ching t6i tién hanh
khao sat, tong hop, dua ra danh gia, phan tich cac dai luong nhiét dong hoc
ctia hat nhan kich thich c6 khéi luong nhe va trung binh. Ap dung mé hinh
BSFG vai tham s6 MPM phu thudc vao ning luong vao mé ta MPM toan
phan caa mot s6 hat nhan ma hai nhom thuc nghiém gan day da xac dinh
duoc (nhoém Oslo va Ohio) nhu 56-57Fe, 105-108pg 111-112Cq vy 116-119gp
ching t6i da thu duoc mot s6 két qua nhu sau:

1. Nghién cttu mé hinh khi Fermi dich chuyén nguoc (BSFG) dé mé ta mat
dod muc toan phan cua hat nhan kich thich.

2. Str dung md hinh BSFG véi tham s6 MPM phu thudc vao ning luong
kich thich tinh todn mat d6 muc toan phan cua mét sé6 hat nhan kich thich
c6 khéi luong nhe va trung binh.

3. So sanh két qua tinh toan mat 6 muc tir md hinh BSFG véi s6 lidu thuc
nghiém, danh gia tinh dng dan caa mé hinh.

4. Khao séat nhiét dung riéng C theo T ctia mét sé hat nhan kich thich c6
khéi luong nhe va trung binh.

5. Tong hop, danh gia, phan tich két qua nghién ctu vé cac dai lugng nhiét
dong hoc ciia mot s6 hat nhan kich thich c6 khdi lwong nhe va trung binh.

M6 hinh khi Fermi dich chuyén ngugc véi tham sé MPM phu thudc vao
nang lugng kich thich c6 wu diém Ia tinh toan kha don gian, thoi gian tinh
toan theo phuong phap nay ciing rat nhanh bang may tinh ca nhan va dong
thoi cho két qua dang tin cay.

Trong dé tai luan van nay, chung toi chi gigi thiéu két qua tinh toan
MDM va cac dai luogng nhiét dung riéng cho 12 hat nhan la>¢>7Fe, 1057108p(d,
HIE2Cd va 1157119gn, Thoi gian t6i, ching téi s€ mé rong tinh toan cho
cac hat nhan khac, dic biét 1a cac hat nhan di c6 va dugc cap nhat sb liéu



MDM thuc nghiém.
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Abstract. This work presents the updated heat capacities of '°'~1%*Dy nuclei in the nuclear tem-
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energy. Besides, we observe that the S-shape in the updated heat capacities is much more pro-
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1. Introduction

The heat capacity of finite Fermi systems, such as nuclei, has gained many attentions be-
cause of the probable connection between its shape and the quenching of pairing correlations [1,2].
The experimental or empirical and/or heat capacity data are also crucial for testing different theo-
retical nuclear models including the shell-model Monte-Carlo [3] and finite-temperature Hartree-
Fock-Bogoliubov [4], ect. In macroscopic systems as neutron stars, pairing correlations abruptly
quench at a critical temperature T¢, resulting in a discontinuity in the heat capacity [5]. However,
in finite nuclear systems, paring correlations do not quench at 7¢ but monotonously decrease with
increasing T > T¢, due to the strong statistical and thermal fluctuations beyond the mean field [6].
This phenomenon might be indicated as a local change in the slope of the heat capacity curve,
which is commonly referred to the S-shape of the heat capacity [2,4,7-10].

Practically, the heat capacity of a given nucleus is a thermodynamic quantity, which can
be determined within both canonical and micro-canonical ensemble methods, providing that the
experimental nuclear level density (NLD) of the nucleus, at least in some excitation energy region,
is known. The micro-canonical ensemble (MCE) method seems to be incompatible with systems
of a small number of particles as it quite often provides non-physical values, such as negative
temperature (see e.g., Fig. 8 of Ref. [11] and Fig. 9 of Ref. [12]), when being applied to cal-
culate thermodynamic quantities of nuclei. This never happens in the canonical ensemble (CE)
method, hence it is a more judicious approach to study the thermodynamic quantities of nuclei.
Nevertheless, the calculation of the heat capacity using the CE method is still imperfect because
it requires to know the experimental NLD over the entire excitation energy range, namely from 0
to a few hundred of MeV. Unfortunately, the experimental NLD data are only available in the low
excitation-energy region, frequently below the neutron binding energy B,,, due to the limitation of
experimental technology. To overcome this drawback, one must use the theoretical NLD when-
ever the experimental NLD data is missing. The back-shifted Fermi gas (BSFG) NLD model,
which is the most widely used phenomenological model of NLD, is often employed for this pur-
pose [11, 13]. Fitting the BSFG formula to the experimental NLD data gives the most reliable
values for its free parameters.

It is also obvious that any update in the experimental NLD data should result in a change
in the values of the BSFG free parameters, thus altering the calculated heat capacity. For instance,
the heat capacities of >3>~°*Mo isotopes have been re-investigated using the newly updated and
recommended NLD data of 23~¥Mo nuclei collected in 2013 [13]. It was noticed that the updated
heat capacities significantly differ from those calculated using the old NLD data measured in 2003
and 2006. As a result, Ref. [13] recommended that "to obtain the correct heat capacity and
associated pairing phase transition in excited nuclei, one should use the correct NLD data and the
best fitted BSFG NLD in the entire region where the experimental data are available”.

In 2003 and 2012, the Oslo group carried out experiments employing the (*He,*He') reac-
tion and deduced the experimental NLDs in the energy region below B, for 1°1=192Dy [14] and
163-164Dy [15] nuclei. By using the BSFG model in conjunction with these measured data, they
examined the thermodynamic quantities, including the heat capacity, of 6! ~164Dy isotopes. How-
ever, they decided to employ the energy-independent parameter version of the BSFG model, which
does not account for the damping of the shell effects at high-excitation energies.
Indeed, systematic works on the BSFG model have recommended the use of the BSFG version
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with energy-dependent parameters for the high excitation-energy region because it includes the
damping of shell effects with increasing the excitation energy [16]. In addition, an additional
parameter, 1, was introduced in order to rescale the BSFG NLD to match the experimental av-
erage level spacings of the neutron resonance (D data). These parameters are less trustworthy
than those obtained from fitting the model to the specific experimental NLD data of each isotope.
For example, the Oslo group calculated the global level density parameter by using a systematic
equation in which the level density parameters of isobars are the same, i.e., a = 0.214%%7 with A
being the mass number, but Fig. 2 of Ref. [16] demonstrates that the level density parameters of
isobars can differ from each others up to 25%, and even more in some specific cases. In 2018,
the Oslo group re-analyzed their previously conducted experiment and updated the experimental
NLDs of '®1=1%4Dy nuclei [17]. However, the heat capacities of these Dy isotopes have not yet
been reexamined.

In the present work, we calculate the heat capacities of '°1~1%Dy nuclei using the most
recent recommended NLD data in Ref. [17] in combination with the BSFG NLD model with
energy-dependent parameters. The updated heat capacities will be compared with those reported
in 2003 and 2012 in Refs. [14, 15].

2. Heat capacity and back-shifted Fermi gas nuclear level density formalism

Within the CE method, the heat capacity C can be derived once the partition function Z as

a function of temperature 7 is known. Explicitly, the heat capacity is simply the first derivative

of the total thermal energy E with respect to T, namely C = dE/dT, where E = F + TS with F

and S being the free energy and entropy. The latter can be directly calculated from the partition
function Z

F=-TnZ, S=—0F/JT , (1)

with Z being determined based on the inverse Laplace transform of the total NLD as [18]
Z(T)= Y p(E)e B/TSE: )
E=0

where p(E;) is the NLD at an excitation energy E; and SE; is the energy interval. In practice, for
the low temperature below about 1.0 MeV, one can determine Z(T') by summing p (E;)e /T SE;
with E; = 0 to about 100 MeV instead of infinity as given in Eq. (2) because p (E;)e %/T SE; is
negligible when E; > T. As mentioned in the Introduction, due to the limitation of experimental
NLD data, to calculate the partition function, we use the experimental data if available, otherwise
the BSFG NLDs are used. Thus, Eq. (2) can be re-written as
Ei<Epmax E;=100 MeV
Z(T)= ). Pexp(Ei)e B/TSE; + ) prsrc (Eie B/TSE; |
E=0 Ei>Epax
where pexp and ppsrg stand, respectively, for the experimental and BSFG NLDs, whereas E,,,,, is
the maximum energy that the experimental NLD data are able to measure. Specifically, the values
of E,,,; are 5.420, 7.100, 5.300, and 6.860 MeV for 161*164Dy, respectively.
In 1965, Gilbert and Cameron [19] introduced the BSFG model with parameters that are
independent of the excitation energy. However, later microscopic studies of the NLD have indi-
cated that the level density parameter a should depend on the excitation energy [20, 21], leading
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consequently to the concept of the BSFG with energy-dependent parameters. The values of free
parameters in both BSFG versions can be obtained by fitting the model to the experimental data
or by applying global equations derived from systematic works. The latter are preferred only
once the experimental NLD data are absent. The formalism of the energy-independent parameter
BSFG model was described in detail in e.g, Refs. [14, 15], therefore it will not be repeated here.
We should recall that the values of free parameters of the BSFG model with energy-independent
parameters, that were used to study the heat capacity of '®'~1*Dy nuclei in Refs. [14, 15], were
determined from global equations instead of fitting to the experimental NLD data. In order to re-
produce the BSFG NLD with experimental D data given in RIPL-3 database [22], the authors of
Refs. [14,15] also need to scale (by introducing an additional parameter 1)) their BSFG NLDs by
a factor of 1.19, 0.94, 0.52, and 0.56 for '¢1~1%Dy, respectively. In the present work, we calculate
the heat capacity using the BSFG model with energy-dependent parameters of the form as [19]

exp [2 a(E —El)}

12V20al/4(E — E )3/4

where a, E1, and ¢ are the level density, back-shifted energy, and spin cut-off parameters, respec-
tively. This BSFG formalism takes into account the damping of the shell effect with increasing
the excitation energy, thus its level density parameter a depends on the excitation energy as fol-
lows [20]

3)

PeseG(E) =

ow
E)=dql 1 —e VE-E) 4
alB)=a {14 G2 1 e @
where a is the asymptotic level density and SW{Z,A} is the shell-correction energy defined as
OW =My —Mip , 4)

with Mex, and My p being the experimental and theoretical masses, respectively. Theoretical mass
M p is often calculated by using the macroscopic liquid-drop formula. The damping parameter
Y in Eq. (4) determines how rapidly a approaches a. In the present work, we take the values of
OW from RIPL-3 database [22], and consider a, E, and ¥ to be free parameters, whose values
are determined by fitting the BSFG NLD to the experimental NLD data given in Ref. [17] for
161-164yy The spin cut-off parameter o is determined using the following equation [19]

0% =0.08884%3\/a(E —E,) . (6)

3. Numerical results and discussion

Figure 1 shows the experimental NLD data of '°1~1%Dy taken from Ref. [17] along with
the fitted BSFG NLDs obtained within the present work. As can be seen, the BSFG NLDs well
describe the experimental data for the excitation energy above 2 MeV for all investigated nu-
clei. Below 2 MeV of excitation energy, the BSFG fails to reproduce the low-energy part of the
experimental NLDs. This is understandable because the BSFG model assumes that the NLD is
continuous (see Eq. (3)) in the low-energy region, but the NLD data in this energy region of-
ten exhibit a characteristic step-like structure, i.e., an abrupt change in the slope of the NLD at a
certain energy could be a result of the breaking of the first nucleon pair. This observed step-like
structure is more pronounced in the even-even (92164Dy) than in the even-odd (1°1:'%3Dy) nuclei
because the latter already have an unpaired nucleon in their stable state, whereas the former must
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Fig. 1. Comparison between the most recent and recommended experimental NLD data of
161-164Dy given in Ref. [17] and the corresponding fitted BSFG NLDs obtained within the present
work. The level densities at the neutron binding energy p(B,) estimated from the experimental Dy

data given in RIPL-3 database [22] are shown to evaluate the goodness of the fitting. Old experi-
mental NLD data taken from Refs. [14, 15] are also plotted.

be excited to a specific energy in order to break the first nucleon pair. As the excitation energy
increases, the breaking of consecutive nucleon pairs occurs, resulting in a high number of unpaired
nucleons.The step-like structure is, thus, smoothed out and no longer observed. Figure 1 also in-
dicates that the present BSFG well reproduces the experimental Dy data retrieved from RIPL-3
database [22] since all the BSFG lines cross their corresponding p (B,,) data points. The best fitted
values of free parameters obtained within the present BSFG model are listed in Table 1.

Figure 2 compares the updated heat capacities of '®'~1%4Dy calculated using the most re-
cent and recommended experimental NLD data given in Ref. [17] and the BSFG NLDs, whose
parameters values are presented in Table 1, with the un-updated ones published in Refs. [14, 15].
As stated in Sections 1 and 2, the un-updated heat capacities are calculated using the old NLD
data given in Refs. [14, 15] and the BSFG with energy-independent parameters. It is noted that
the un-updated heat capacities of '61:163164Dy are directly extracted from figures presented in
Refs. [14, 15], whereas the heat capacity of '6>Dy is calculated using the experimental NLD data
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Table 1. The values of free parameters obtained by fitting the BSFG model with energy-
dependent parameters to the experimental NLD data of '®!' ~1%4Dy given in Ref. [17]. The
values of 8W and Dy are taken from RIPL-3 database [22].

Nucleus W (MeV) y(MeV~') aMeV~!) E; (MeV) Dy (eV)
16Ty 2.76808 0.06842  15.23090 -0.53358 27.0£5.0
162Dy 2.46351 0.01526  16.26649 036851 24402
163py 2.16632 0.11511  15.27796 -0.09472 62.0 £5.0
164Dy 2.01707 0.05396  15.16655 0.49798 6.8+ 0.6
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Fig. 2. Comparison between the updated heat capacities determined within the present
work with the un-updated ones presented in Refs. [14, 15]. The un-updated heat capacity
of 12Dy was not presented in any figure of Ref. [14], so we have to re-calculate it (please
see text for more detail).

and the BSFG with energy-independent parameter given in Ref. [14]. It can be seen in Fig. 2
that the updated and un-updated heat capacities are almost the same in the temperature regions
below 0.5 MeV for '®1=163Dy and 0.3 MeV for '%4Dy. This result is expectable since the experi-
mental NLD data in the low-energy region are often obtained by counting the number of discrete
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levels in the experimental level scheme at low energy. For instance, one can see in Fig. 1 that
the experimental NLD data in the low-energy region are almost identical for all the 2003, 2012,
and 2018 datasets. The difference between the updated and un-updated heat capacities is observed
at higher temperatures. Specifically, the updated heat capacities of four investigated nuclei are
smaller and less steep than the un-updated ones. This discrepancy comes from the differences
between the BSFG NLDs used. It is clear to see in Fig. 3 that the BSFG NLDs used to calculate
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Fig. 3. Comparison between the BSFG NLDs in the excitation-energy region from 0 to
100 MeV used to calculate the updated and un-updated heat capacities in Fig. 2.

the updated heat capacities (denoted as BSFG 2018) are lower than those used to determine the
un-updated heat capacities (denoted as BSFG 2003 and BSFG 2012) in the high-energy region,
while they are practically the same in the low-energy region. The discrepancy between the BSFG
2003 and BSFG 2018 NLDs of 9Dy (Fig. 3b) is smallest, which results in the small difference
between the updated and un-updated heat capacities of this nucleus (Fig. 2b). For the remaining
Dy isotopes, the differences between the BSFG 2018 and 2003/2012 NLDs are significant (Figs.
3a, ¢, and d), leading to a large discrepancy between their updated and un-updated heat capacities
(Figs. 2a, c, and d). It is worthwhile to recall that the BSFG NLDs, which are used to compute
the updated heat capacities, take into account the damping of the shell effect with increasing the
excitation energy (see e.g., Eq. (4)). This damping is not included in the BSFG NLDs that are
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used to calculate the un-updated heat capacities. Therefore, the difference between the updated
and un-updated heat capacities in the high-temperature region can be interpreted by the damping
of nuclear shell structure. To explicitly understand the influence of nuclear shell effect on the heat
capacity, we show in Fig. 4 the heat capacities of '®! Dy obtained by using different values of shell
correction W within a range of 0 to 10 MeV. This figure clearly indicates that the shell correc-
tion can significantly alter the shape of the calculated heat capacities, which consequently lead to
different physical interpretations of the associated pairing phase transition. Thus, one should use
NLD models that take into account the nuclear shell effect to accurately study the nuclear heat
capacity.

SW =0 MeV ——
oW =2 MeV - — -

N W S
o o o

Heat Capacity (kg)

—_
o

2 0.4 06 08 1.0

Fig. 4. The BSFG heat capacities of 1°! Dy obtained by using different shell corrections SW.

In general, the updated heat capacities reveal the same physical information as the un-
updated ones, that is, all investigated Dy isotopes exhibit an S-shaped heat capacity and this S-
shape is more pronounced in even-even than odd-even isotopes. For a better visualization, we
re-plot the heat capacities that are already given in Fig. 2 with a different arrangement in Fig. 5.

One can easily see in Fig. 5 that the S-shapes in the updated heat capacities of even-even
162,164yy are more pronounced than those of odd-even '©113Dy (Fig. 5b), while S-shapes in the
un-updated heat capacities of 92Dy and Dy are almost the same (Fig. 5a). The fact that the
even-even nuclei, which contain strong pairing correlation, always exhibit stronger S-shape than
odd-even and odd-odd ones, which include weaker pairing correlation, the S-shape predicted by
the updated heat capacities should reflect the more reliable physics than that predicted by the
un-updated heat capacities. In other words, we can consider the updated heat capacities a more
confident proof for predicting the pairing phase transition in finite systems.
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Fig. 5. Comparison of the updated and un-updated heat capacities of 6!~ 164Dy isotopes.

4. Conclusions

In the present work, the heat capacities of 9!~ 144Dy have been determined using the most
recent and recommended experimental NLD data together with the theoretical NLDs obtained
within the BSFG model with energy-dependent parameters. The obtained results, called the up-
dated heat capacities, have been compared with the un-updated heat capacities determined pre-
viously using the old experimental NLD data and the BSFG model with energy-independent pa-
rameters. It is shown that the updated and un-updated heat capacities are almost the same in the
low-temperature region (7' < 0.4 MeV). In the high-temperature region, the updated heat capaci-
ties are smaller and less steep than the un-updated ones. This can be explained by the damping of
the shell effect in nucleus with increasing the excitation energy, which is employed in the BSFG
with energy-dependent parameters. In general, the updated heat capacities confirm and provide
more convincing evidences on the physical information that the S-shape in the heat capacity of
even-even nuclei is more pronounced than that of even-odd or odd-odd ones.
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