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Mé dau
1. Tinh cap thiét ctia luan an

Nghién citu cau trac hat nhan 14 mot trong nhitng linh vite quan
trong nhat ctia Vat Iy Hat nhan. Cac thong tin vé ciu trtc hat nhan
nhan dude tit hai nguon co ban 13 phan ra phéng xa ctia hat nhan
va phan @ng hat nhan. Nguon thit hai mang tinh téng hop hon, bao
gom mot pham vi 16n cac hat nhan va phd cac trang thai kich thich
ctia ching. Nhitng san pham sau phan ng, cac loai biic xa phat ra
mang theo nhitng thong tin quan trong lién quan téi cac dac trung
cua hat nhan va cidc qua trinh xay ra phén tng. Ghi, do va phan tich
nhitng thong tin d6 giip ching ta nhan biét vé cau tric hat nhan va
cac tinh chat ciia hat nhan, vé ngudn goc ciia nang luong hat nhan
va, cac dong vi phong xa ciing nhu kh& ning tng dung cta ching.
Trong phan ng hat nhan c6 thé x4y ra cic qua trinh khac nhau nhu
qué trinh hgp phan, tién can biang va truc tiép phu thuoc vao loai
hat dan, bia va ning lugng cta hat t6i. Sau phan tng hat nhan, hat
nhan du c6 thé ton tai & trang thai dong phan hoic trang thai co ban.
Trang thai dong phan (dong phan hat nhan) 1a trang théi kich thich
gid bén ctia hat nhan c6 thoi gian phan ra 16n hon so véi trang thai
kich thich thong thuong. Dong phan c6 thoi gian séng tit ns t6i hang
trieu nam. Trong nhing thap k¥ gan day, v6i sut phét trién nhanh cta
cac c6 s6 sdn xuat chtim dong vi phéng xa ciing v6i nhitng ki thuat
va hé thiét bi ghi nhan thiyc nghiém hién dai, tién tién dan t6i nhitng
nghién citu dang cht y vé dong phan hat nhan. Ngay nay, cac nhém
nghién citu khong ngitng phat hién thém nhiéu dong phan méi cta
cac hat nhan nam trén nhitng viing hat nhan khac nhau. Dong phan
hat nhan c6 thé dugc sit dung trong nghién citu ¢ ban va tng dung,
dac biet 1a nghién cttu cac ciu tric va tinh chat clia cdc hat nhan la
nam xa dudng bén hoiic st dung trong nhiéu ng dung thiét yéu nhu
y hoc hat nhan, pin hat nhan, dong ho hat nhan, lazer gamma....
Ngoai huéng nghién ctu vé dong phan thi ty s6 xac xuat hinh
thanh trang thai dong phan va trang thai co ban khong bén hay con
goi 1a ty s6 dong phan ciing cung cap nhitng thong tin gia tri vé cau
tric v co ché hat nhan lién quan. Trong thyc nghiém, ty s6 dong



phan (IR) c6 thé thu dugc véi do chinh x4c cao do cip dong phan
dugc tao thanh dong thoi trong cing mot diéu kién phan tng. Tuy
nhién, dit liéu vé ty s6 dong phan con chua day du va c6 nhing sy
sai lech 16n gitta cac két qua thitc nghiem. Ty s6 dong phan lién quan
tryc tiép t6i cau tric va mat do miic clia hat nhan kich thich, co ché
phan tGng va nhiéu dac tinh khac. Do do, ty s6 dong phan cé thé 1a
nhig dit lieu quy gia dé kiém dinh cdc mau phan ting hat nhan khac
nhau. Gan day, ma TALYS dudc st dung thuong xuyén nhat dé mo
phéng cac phan tng hat nhan va tinh toan tiét dién ciing nhu ty s6
dong phan. TALYS rat dé st dung va c6 tinh linh dong cao, né chita
cac mAu phan tng hat nhan mdéi nhat hién nay. Tuy nhién, ma nay
chi c6 thé tinh tiét dien vi phan véi chiim hat dan don nang. Trong
cac thi nghiém phan tng quang hat nhan thi do thiéu nguon cung céc
chitm photon don ning nén ngudn bitc xa ham thuong xuyén duge
stt dung. Do dé, dé tinh IR theo cic méu ly thuyét trong truong hop
nay, TALYS thuong dudc két hgp v6i ma mo phéng biic xa ham.
GEANT4 14 mot cong cu mién phi, ma nguén mé c6 thé mo phéng
phd biic xa ham dua trén phuong phap Monte-Carlo.

2. Muc tiéu nghién cttu cta luan an

Luan an nay bao gom nhitng muc tiéu chinh sau:

e X4c dinh ty s6 dong phan thyc nghiém ctia mot sé6 hat nhan
trung binh v& ning hinh dang cau ho#c bién dang trong phan
tng (v, n) va (n, ) tuong ung gay bdi bitc xa ham va ndtron
nhiét-trén nhiét.

e Xem xét mot vai hiéu tng 4nh hudng t6i ty s6 dong phan nhu
ning luong kich thich, sy sai khic vé spin, sy truyén mo men
xung lugng, cau hinh nucleon va hiéu tng kénh.

e Tinh toan ty s6 dong phan theo ly thuyét trong phan tng (v,
n) bing viéc st dung ma TALYS 1.95 vi cong cu GEANT4 dé
so sanh vé6i cac két qua thiyc nghiém ctia ching toi va clia cac
tac gia khac.



e Dong gbp cac két qua thue nghiem véi do chinh xac cao vao
ngan hang dit lieu hat nhan dé st dung cho cac nghién ctu co
ban va tng dung hat nhan.

3. Cac no6i dung nghién cttu chinh cta luan an

- Nghién citu cac phan ng quang hat nhan vd phan tng bat
notron bang phuong phéap kich hoat hat nhan va do phé gamma
off-line. Nguon photon ham va notron dugc tao ra tit viéc si
dung méy gia téc dieén tit MT-25 ctia phong thi nghiém phan
ting hat nhan Flerov (FLNR), JINR, Dubna, Nga.

- Nghién citu IR vaA mot s6 hiéu tng lién quan trong phan tng
(v,n) v6i bitc xa ham c6 nang lugng cuc dai trong ving cong
huéng khong 16 trén cac bia Eu, Hg, Cd, Ce, Se, va Pd. Va
nghién cttu IR trong phan ting bat notron nhiét va trén nhiét
(n, v) trén bia Pd, Cd, Ce va Se.

- St dung ma TALYS 1.95 véi su thay déi ciia sau mau mat do
mtic vh tdm ham lyc gamma két hop véi cong cu GEANT4 dé
tinh toan ty s6 dong phan trong phan ing (v,n) va so sdnh véi
cac két qua thyc nghieém.

4. Cau trac cna luan an

B6 cuc ctia luan an nhu sau:

Chuong 1 so luge vé dong phan hat nhan, ty s6 dong phan va céac
hiéu tng lien quan. Chuong nay ciing tém tat phan tng quang hat
nhan va phan tng bat notron. Ngoai ra, chuong trinh tinh toin, mo
phong phan tng hat nhan TALYS va GEANT4 ciing duge giéi thieu
trong chuong nay.

Chuong 2 trinh bay va giai thich phuong phéap thyc nghiém va tinh
toan 1y thuyét. Cac hieu chinh can thiét dé thu duge cac két qua véi
do6 chinh xac cao hon ciing dugce trinh bay trong chuong nay.
Chuong 3 trinh bay va thio luan cac két qua thuc nghiem va ly
thuyét. Cac két qua dudc so sanh véi cac két qua khac.

Cudi cting, cac két luan va kién nghi duge dua ra.



Chuong 1: Tong quan
1.1 Dong phan hat nhan va ty sé dong phan
1.1.1 Déng phan hat nhan

Niam 1917, dong phan hat nhan da duge dy doan béi Soddy. Téi nam
1921, lan dau tiéen Otto Hahn da quan sat hién tugng dong phan
trong mudi Uran bang thyc nghiém. 15 nam sau, Weizsaker da giai
thich hién tugng dong phan do sy cin tré trong phan ra gamma lién
quan t6i st thay déi mo men géc 16n, dic biet khi két hop véi nang
lugng dich chuyén nhd dan téi tdc do dich chuyén dien tit thap hay
thoi gian song dai ctia dong phan. Phien ban NUBASE 2020 da liet
ke 1938 trang thai dong phan (77, > 100ns), trong khi d6 phien
ban mdi nhat “Atlas of Nuclear Isomers” da liet ke khoang 2623 dong
phan (7o > 10ns) [1].

Dita trén co ché can tré phan ra, dong phan dudc chia thanh
5 loai [2]: (1) dong phan spin trong hat nhan cau, (2) dong phan
seniority trong hat nhan ban magic, (3) K-dong phan trong hat nhan
bién dang d6i xiing truc, (4) dong phan phan hach trong hat nhan
ning va (5) dong phan hinh trong hat nhan c¢6 sy dong ton tai hinh
dang hat nhan.

1.1.2 Ty s6 dong phan

Ty s6 dong phan 13 ty s6 gitta xAc suat hinh thanh trang thai dong
phan va xac suat hinh thanh trang thii co ban khong bén. Trong
tinh toan ty s6 nay dugc tinh thong qua ty s6 tiét dién tao thanh
trang thai dong phan (o,,) va trang thai co ban khong bén (o,) trong
truong hop hat t6i ¢6 pho don nang (IR = 0,,/0,). Con trong trudng
hop hat t6i c6 pho lien tuc thi ty s6 nay dugc xac dinh nhu ty s6
suat lugng (Y,/Y,) [3]. Trang thai dong phan va trang théai co ban
khéc nhau vé spin, nén ty s6 dong phan con thuong duge biéu dién
nhu 1a ty s6 tiét dien hoac sudt lugng dé tao thanh trang thai cé spin
cao va trang théi c6 spin thap (IR = o /0; or Y3, /Y)). Trong truong
hop clia phan ng quang hat nhan gay bdi bitc xa ham thi ty s6 dong
phan dugc tinh theo cong thic:
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v6i BT - nang lugng cyc dai ciia biic xa hdm, ¢(E) — thong lugng
bic xa ham, Ny - s6 hat nhan bia; 0,,,(E) and 04(E) - tiét dién trang
thai dong phan va co ban; Ej} and E}, - ning luong ngudng clia trang
thai dong phan va co ban.

Trong truong hop clia phan ng bat notron thi ty s6 dong phan
cling dudc tinh theo ty s6 suat luong.

Mot s6 hiéu ng c6 thé &nh hudng t6i ty s6 dong phan nhu: loai
hat t6i, ning lugng kich thich, xung lugng, spin ctia trang thai isomer,
hiéu spin, cAu hinh nucleon va hiéu ting kénh phéan tng.

Trong nhitng nam 60 ctia thé ky trudc, Huizenga va Vandebosch
da dua ra nhitng tinh toan ty s6 dong phan diya trén cac mau ly thuyét
dau tién [4]. Hien tai, mot s ma da duge phat trién va sit dung dé
tinh toan ty s6 dong phan duya trén cdc mau hat nhan. TALYS 14 mot
mé dude st dung thuong xuyén nhat dé tinh toan tiét dien va ty sb
dong phan [5]. M& bao gom cac mau phan tng hat nhan khac nhau,
duge mo ta trong hinh. 1.

Bdi vi cac phan tng quang hat nhan cht yéu gay béi bitc xa ham
nén dé tinh toan ty s6 dong phan trong truong hgp nay thi ma TALYS
thuong két hop vdi phd biic xa ham thu duge tit cong cu moé phéng
GEANT4 [6].

1.2 Phan &ng quang hat nhan

Phéan tng quang hat nhan la qua trinh tuong téc dién tir cia photon
v6i hat nhan [7]. Va loai phén tng nay phu thuoc manh vao ning
luong ctia chiim photon t6i va s6 khoéi cia hat nhan bia. Ty theo
nang lugng photon téi, phan ing quang hat nhan phat xa ndctron,
proton hoic cac loai hat khac tuong tng v6i nhiéu loai phan tng
khac nhau. Néu nang lugng photon cao hon ngudng phéat hat va len
t6i 30 MeV dbi v6i hau hét cac hat nhan nang va trung binh thi tiét
dién phan tng xuat hién mot dinh dang Gauss c6 do rong nta cuc
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Hinh 1: Céac mau hat nhan trong TALYS

dai 16n hay con goi 1a dinh cong hudng ludng hyc khong 16 (GDR).
Trong mién GDR, x4c suat phat 1 notron la cao nhat so v6i phat
nhiéu hat notron, proton ho#c hat tich dién.

Luan an nay nghién citu ty sé6 dong phan trong phan tng (v, n)
d6i véi hat nhan nang dang cau hodc bién dang gay bdi biic xa ham
v6i nang lugng cuc dai trong ving cong hudng khéng 16. Ly do thit
nhat 1a trong ving nay tuong tac dién tit da biét rat ro va viec hap
thu photon luéng cyc dién (E1) chiém wu thé. Cu thé, hat nhan bia
¢6 spin Jo sau khi hap thu photon E1 sé bi kich thich lén trang thai
v6i spin Jo, Jo & 1 vi vay viéc xem xét 1y thuyét duge don gidn hon.
Ly do tiép theo la diu tiét dién phan tng quang hat nhan rat thap,
nhung bitc xa ham tao ra tit cic may gia téc dién ti 14 mot nguon
photon cudng do rat 16n, dong thai tiét dien phan tng c6 cuc dai
v6i do rong 16n dan dén sudt lugng ciia phan tng di 1én dé cac két
qué thiyc nghiém thu duge v6i do chinh xac cao. Ly do cudi cung 1a
nghién cttu ty s6 dong phan trong phan tng quang hat nhan c6 sy
khéc biet dang ké so v6i cac phan ting gay bdi cac hat dan khéc.



1.3 Phan tng bat notron

Trong nghién cttu phan tng hat nhan va ng dung thi nctron 1a mot
trong nhing loai biic xa dugc sit dung pho bién nhat. Cac phan tng
hat nhan x4y ra do tuong téc ctia notron véi hat nhan nguyeén t véi
x4c suat khac nhau ngay trén mot dong vi vd phu thudc vao ning
lugng ctia notron téi [8]. D6i véi cac hat nhan khong thé phan hach
thi phan tng duy nhat c6 thé v6i notron nang lugng thap l1a phan
tng hap thu hay phan tng bat notron.

Luan 4n nay sé tap trung vao nghién ciu ty s6 dong phan trong
phan ttng bat notron nhiét va trén nhiét cu thé 14 phan tng (n,y). Co
ché x4y ra phan ting bat notron (n,y) gay bdi notron nhigt va trén
nhiét 13 co ché phan tng hgp phan. Cac notron t6i duge gia sit hau
hét 1& notron séng s véi momen dong lugng 1 bang khong va spin
bang 1/2. Vi vay hat nhan bia véi spin Jy sau khi bat notron sé duge
kich thich lén trang théi Jo, Jo £ 1/2. Nang lugng kich thich cta hat
nhan hgp phan gan bang véi nang lugng lien két clia notron trong
hat nhan. Day ciing 13 mot phan tng don gidn v6i co ché phan tng
13 hgp phan thuan tuy nén viéc xem xét ly thuyét ciing khong phiic
tap.

Chuong 2: Phuong phap thuc nghiém va tinh
toan ly thuyét

2.1 Phuong phap thuc nghiém

Phuong phap kich hoat vi do pho gamma off-line dugc st dung trong
luan an nay.

2.1.1 Nguoén chiéu

Nguon photon ham va notron nhiét-trén nhiét dude tao ra tit may
gia téc dien tit MT-25 ciia FLNR, JINR, Dubna, Nga.

Nguon bic ra ham
Hinh. 2 trinh bay sy san xuat bitc xa ham tit chiim dién t ctia may
gia toc va bia ham thich hgp.
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Hinh 3: So do tao notron nhiét va trén nhiét

2.1.2 Chiéu mau

Cac dic trung ctia mau chiéu, dong electron (1), ning lugng electron
(Ee) va thoi gian chiéu (t;) trong phan ing quang hat nhan va phan
ing bat notron dugce trinh bay trong Bang. 1.



Bang 1: Cac dic trung ctia mau chiéu, dong electron, ning luong
electron va thai gian chiéu

Symbol Sample Purity Weight Diameter I, E. tirr (7, 1) tirr(n, )
[%] g] [em] [nA] [MeV]  [min,] [min.]

Eu EuyO3 9999 0.1 1 15 14-23 60-90

Heg HeCl,  99.99 0.3 1 15 14-24 60

Pd1 PdO 99.99  0.323 1 15 24-25 30

Pd2 PdO 99.99  0.323 1 15 25 90

Cd1 Cd 99.99  0.719 1 15 24-25 60

Cd2 Cd 99.99  0.719 1 15 25 120

Cel Ce03  99.99 0.8 1 12-14 25 60

Ce2 Cea03  99.99 0.8 1 12-14 25 90

Sel SeOy 99.99  0.248 1 12 25 20

Se2 SeOq 99.99  0.248 1 12 25 90

2.1.3 Phé ké gamma

Sau khi lam méat thi hoat do ciia mau duge xéc dinh béi he pho ké
bao gom dau do siéu tinh khiét HPGe v6i duong kinh 60.5 mm va
chiéu dai 31 mm dudce két ndi v6i mot bo phan tich 8192 kénh ciia
(hang CANBERRA). Do phan giai ning lugng ctia dau do 1a 1.8 keV
FWHM tai dinh 7 1332.5 keV ctia nguon °Co. Phé v duge phan tich
bdi phan mém Gamma Vision.

Trude khi do mau thi st dung bo nguon chuan hén hop QCY va
QCYK da biét trude nang luong va hoat do phéng xa dé chuan nang
luong va hiéu suat ghi ctia dau do.

2.1.4 Phuwong trinh tinh todn ty sé6 dong phan

Duya trén céc phuong trinh kich hoat, ty s6 dong phan c6 thé tinh
theo cong thic sau [3]:

| ERAPATAY — AASAL — AJATAY — AJAGAS

_ Omlgeg

i 2)
IR AJAZAY

v6i S, e, I — dién tich dinh quang dién, hiéu suat ghi dinh quang
dién, ty s6 phan nhanh, va A; - s6 hang phu thuoc vao thoi gian.



Dé cai thien do chinh xac ctia s6 dém dinh quang dién, viéc hieu
chinh lién quan t6i can nhiéu phéng xa, sit tit hap thu v cong xung
ngau nhién dugc tinh todn trong méi thi nghiem.

2.2 Tinh toan ty sé dong phan ly thuyét trong phan
ung (77 n)
2.2.1 Mo phéng phé ham trong GEANT4

Cong cu GEANT4 [6] duge stt dung dé mo phéng thong lugng bitc
xa ham khi t6i bia thit cap. Hinh 4 trinh bay so dé xay dung chuong
trinh mo phéng trong GEANTA4.

G4VUserDetectorConstruction |«
Construct() - Build geometry
DetectorConstruction

G4VModularPhysicsList Hshielding I:

PhysicsList G4VUserPrimaryGeneratorAction G4GeneralParticleSource

GeneratePrimaries() > GeneratePrimaryVertex()

I PrimaryGeneratorAction

G4UserRunAction 4—; 4

RunAction BeginOfRunAction() - Open a root-file
€ 0 O G4RunManager

BeamOn()

DefineWorldVolume() |«
EventAction G4UserEventAction Initialize()

| SteppingAction - GA4UserSteppingAction I
G4EventManager

EndOfRunAction() > Close a root-file

UserSteppingAction()
- Fill the root-file with
G4Step::GetPreStepPoint()::GetKineticEnergy()

ProcessOneEvent()

A
A

Hinh 4: So dd xay dung chuong trinh mo phéng trong GEANT4

2.2.2 Tinh todn tiét dién trong TALYS

C6 khoang 340 tit khod trong TALYS 1.95 [5] c¢6 thé sit dung nhu
nhitng tham s6 dau vao tuy thudc vao muc dich clia ngusi st dung.
Trong ludn an nay, ngoai cac tt khod méac dinh thi cac ti khoa lién
quan dén mat do mtc va ham lyc gamma duge st dung dé tinh tiét
dién ctia phan tng (v,n) quan tam trong mién GDR.
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Sau mau mat do mic gom 3 mau hién tugng luan (Ld1-3) va 3
mau vi phan (Ld4-6) dugc st dung. Tuong tng méi moéi mau mat do
mtic thi 8 ham lyc gamma (s1-8) lan lugt duge st dung dé tinh tiét
dién vi phan ctia cac dong phan.

Chuong 3: Két qua va thao luan

Trong chuong nay, ty s6 dong phan thyc nghiém thu duge tit phan
ting (v,n) va (n,v) dugc trinh bay trong bén phan dau. Con trong
phan cubi thi cac két qua tinh toan 1y thuyét bdi ma TALYS cho
phan dng (v,n) duge mo ta.

3.1 Ty s6 dong phan trong phan tng (v,n)

3.1.1 152mIm2 gy,

Ty s6 dong phan cta 2™ Eu(87)/?m2Eu(0~) trong phan tng
153 Bu(y,n) gay béi biic xa ham véi nang lugng cue dai tit 14 dén
23 MeV da dudc tinh theo cong thitc 2. Két qua dude trinh bay trong
hinh 5.

Ty s6 dong phan tang khi nang lugng kich thich ting va né tang
khong dang ké sau vimg cong hudng khong 16. Day dudc goi 1 hieu
ing nang lugng kich thich trong ty s6 dong phan.

Trang thai dong phan "2™Eu (87) va ¥?m2Eu (07) c6 su sai
khéc 16n vé spin (As = 8). Trong truong hgp nay gia tri ty so6 dong
phan rat thap va day dudgc coi l1a do hiéu ting sai khac vé spin. Tiic 1a
sy sai khac spin gitta 2 trang thai cang 16n thi ty s6 dong phan cang
thap.

Ngoai ra, véi ciing mot nang Iugng kich thich thi ty s dong phan
ctia 152m1Ey(87) /192m2Ey(07) duge san xuat tit cdc phan tng khac
nhau 1a khong giéng nhau. Day dduge goi 1a hiéu ting kénh phan tng.

3.1.2 195m,g;197m,gHg

Hinh 6 mo ta ty s6 dong phan phu thuoc vao nang lugng cyc dai clia
bitic xa ham.

T¥ s6 dong phan ctia M9™&197MeHg taing khi nang luong ciia bitc
xa ham tang trong mién GDR. Khi ning lugng 16n hon mién nay thi
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ty s6 dong phan khong thay doi hoidc tang cham do déng gép ciia co
ché tién can bang va tryc tiép.

T¥ s6 ctia 19°™8Hg cao hon so véi "™&Hg trong khi s6 khéi clia
hat nham me *Hg nho hon so véi 198 Hg. Trong trudsng hgp nay, ty
s6 dong phan ciia cac dong vi clia cing mot nguyéen t6 gidm khi s6
khéi ctia dong vi tang 1a do hiéu ttng cau hinh nucleon.

Ngoai ra, ciing giéng nhu truong hop ciia Eu thi ty s6 dong phan
ciia 199m:&197meHo thay ddi trong cac phan tng khac nhau do hiéu
ting kénh phan tng. Gia tri ty s6 dong phan thap nhat trong phan
tng (7,n) c6 thé dugc giai thich bdi momen thap nhat da truyén cho
hat nhan hgp phan so véi cac phan ting khac.

3.2 Ty s6 dong phan trong phan ng bat ndtron (n,~)
3.2.1 109m,g;111m,gPd
Bang 2 trinh bay ty s6 dong phan ctia 1997:9:111m.9 P trong phan tng

(n,~y) gy b6i notron nhiét, cong hudng va hén hgp nhiét cong hudng
va trong cac phan tung (n,2n), (y,n) and (n, a).

Bang 2: Ty s6 dong phan cta 09™ePd va 11mePd trong phén ting
bat notron nhiét, cong huéng va hén hop va trong cidc phan ting khac

Nuclear reaction and product Type of projectile Product Ex. Energy Isomeric ratio
(MeV) IR
108 pd(n, ~)109m.9 pd Thermal neutron 6.15 0.023 £ 0.002 [This work]

0.028 =+ 0.005 [9]
0.018 + 0.004 [10]

108 pd(n, 4) 1099 Pq Resonant neutron 6.15 0.023 £ 0.002 [This work]
0.028 =+ 0.005 [9]
108 P (n, 4) 1099 Pq Mixed Ther. and Res. 6.15 0.023 £ 0.002 [This work]
10 pq(ry, n) 1099 Pq 25 MeV Bremstrahlung 6.93 0.065 + 0.003 [11]
10 pd(n, 2n)109m9 Pq 14.1 MeV neutron 5.28 0.410 + 0.039 [11]
0.41 £ 0.03 [12]
1O pi(n, ~)H1m9 pd Thermal neutron 5.75 0.037 £ 0.004 [This work]

0.263 + 0.059 [10]
0.123 + 0.010 [13]
0.047 + 0.001 [14]

HOPd(n,~)1imapq Resonant neutron 5.75 0.037 £ 0.004 [This work]
HOPd(n,~)1imapq Mixed Ther. and Res. 5.75 0.037 £ 0.004 [This work]
H40d(n, o) 1m9 Pd 14.1 MeV neutron 0.96 0.75 £ 0.29 [15]
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T¥ s6 dong phan ctia '99™8Pd d6i véi notron hén hgp nhiét-cong

hudng va ciia '1'"™8Pd déi v6i notron cong hudng va hdn hop duge
chiing to6i cong bd lan dau tien.

Hiéu tng xung lugng trong ty sé ddong phan c6 thé duge quan sat
trong truong hdp nay, tic 13, xung lugng hat t6i cang cao thi ty s6
dong phan cang cao.

3.2.2 115m,g;117m,ng

Nhitng két qud ty sé dong phan thu duge cia 1P™8Cd va 11"™eCd
ciing véi két qua ciia cac gid khac duge trinh bay trong Bang 3.

Két qua ty sd6 dong phan ctia chiing t6i trong ca hai phan tng
H4Cd(n, )2 Cd va 118 Cd(n, v)1'7Cd gay béi truong notron hén hop
dudc cong bd lan dau.

Céc gia tri ty s6 dong phan ctia 15791179 q trong phan dng
bat nontron nhiet, cong huéng va hén hgp nhiét-cong hudng (n, )
nhé hon so véi cac phan tng (v,n), (n,2n), (n,p), (n,a). Diéu nay
c6 thé dugc giai thich do xung lugng hat dan truyén cho bia trong
cac phan ting (n,~) la thap hon so véi cac phan ting khéc.

3.3 Anh hudng ctia cac hiéu tng kénh hat nhan d6i véi
ty s6 dong phan trong cac phan tng (y,n) va (n,v)

3.3.1 109mgpq

Cac gia tri ty s6 dong phan do dugc cho '99™&Pd trong phan tng
(7,n) va (n,7) va cac gia tri da dugce cong bo truée doé cho cac loai
phén ung (y,n), (n,7y) va (n,2n) dugce trinh bay 6 Bang 4.

Nhitng két qua ty s6 dong phan thu dugc trong phéan tng (v, n)
cao hon trong (n,v) du ning lugng kich thich gan bing nhau. Va
chiing thap hon nhiéu so vdi ty sé6 dong phan trong phan ting (n, 2n).
Xung lugng va syt truyén momen xung lugng nhut mot phan ciia hieu
ting kénh phan ting dugc xem xét dé giai thich do 16n gia tri ty s6
dong phan trong cac trudng hop nay tuong ty nhu cdc phan trén. Ty
s6 dong phan trong cac phan tng khic nhau la khac nhau va phu
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Béang 3: Ty s6 dong phan ciia 1"™&Cd va 1'™8Cd tao ra tir khac

phan tng khac nhau
Nuclear Reaction Target  Type of Product Ex.  Isomeric Ratio
and Product Spin [i] Projectile Energy, MeV  ty s6 dong phan
H6Cd(y,n)1om90d  0F 24 MeV- 6 0.158 + 0.016 [16]
Bremsstrahlung
HACd(n, y)115m9Cd  0F Thermal neutron 6.1 0.116 + 0.012 [This work]
0.120 + 0.083 [17] (cal.)
0.094 + 0.036 [18] (cal. TC)
0.085 £ 0.038 [18] (cal. GR)
0.088 £ 0.034 [18] (cal. IC)
0.080 = 0.031 [18] (cal. R)
Hicd(n, y)1Pom90d  0F Resonant neutron 6.1 0.137 £ 0.014 [This work]
0.085 £ 0.035 [18] (cal. CL)
0.1 % 0.051 [18] (cal. R/Cd)
HACd(n, y)115m9Cd  0F Mixed Ther. and Res. 6.1 0.112 + 0.011 [This work]
U60g(n, 20)15m90d  0F 14.1 MeV neutron 5.4 0.921 + 0.130 [19]
14.4 MeV neutron 5.7 0.694 + 0.074 [20]
14.8 MeV neutron 6.1 0.710 £ 0.131 [21]
U In(n,p)tomIcd  9/2+ 14.9 MeV neutron 3.5 0.616 + 0.118 [15]
H8Gn(n, ) 15m9Cd  0F 14.9 MeV neutron 1.4 0.261 % 0.090 [15]
H6Cd(n, )11 "™m9Cd  0F Thermal neutron 5.8 0.209 + 0.021 [This work]
0.54 + 0.10 [22]
0.24 + 0.03 [23]
0.192 + 0.017 [18] (cal. TC)
0.173 %+ 0.026 [18] (cal. GR)
0.223 + 0.075 [18] (cal. IC)
0.192 + 0.0177 [18] (cal. R)
H6Cd(n, y)!1"m9Cd  0F Resonant neutron 5.8 0.324 + 0.032 [This work]
0.282 % 0.044 [18] (cal. CL)
0.288 + 0.027 [18] (cal. R/Cd)
H6Cd(n, )1 ™mICd  0F Mixed Ther. and Res. 5.8 0.237 £ 0.024 [This work]
1208n(n, )1TmICd  0F 14.0 MeV neutron 0.8 0.931 + 0.137 [24]

1.015 £ 0.141 [25]
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Bang 4: Ty s6 dong phan ctia 109m

nhan va phan tng bat notron

#Pd trong phan ting quang hat

Nuclear Reaction Type of Product Ex. Isomeric Ratio
and Product Projectile Energy, MeV IR
108 P(n, v) 1099 Pd Thermal 6.15 0.023 £ 0.002 [This work]
neutron 0.028 £ 0.005 [9]
0.018 =+ 0.005 [10]
108 pd(n, v)109m9 Pq Resonant 6.15 0.023 £ 0.002 [This work]
neutron 0.028 £ 0.005 [9]
108 pd(n, v)109m9 pq Mixed Thermal- 6.15 0.023 £ 0.002 [This work]
Resonant neutron
HOP(y,n)199m9pPd 24 MeV Bremstrahlung 6.5 0.069 £ 0.007 [This work]
25 MeV Bremsstrahlung 6.93 0.065 + 0.003 [11]
HOPd(n, 2n)109m9 Pd 14.1 MeV 5.28 0.410 4 0.039 [11]
neutron 0.41 £ 0.03 [12]

thudc vao loai hat t6i, xung lugng, ning lugng kich thich, spin cta
trang thai dong phan va co ban.

3.3.2 1ibmgcyg

Ty s6 dong phan ctia 115™8Cd trong hai phan tng (v,n) va (n,7), va
so sanh vdi cac tai ligu tham khéo khac dudc trinh bay trong Bang 5.

Béang 5: Ty s6 dong phan ciia '15™8Cd tit cac phan ting khac nhau

Nuclear Reaction Target Type of Product Ex.  Isomeric Ratio
and Product Spin (1] Projectile Energy, MeV IR
H6Cd(y, n)15m9Cd ot 24 MeV- 6 0.165 £ 0.016 [This work]
Bremsstrahlung 0.158 =+ 0.016 [16]
B d(n, ) 15m9Cd ot Thermal neutron 6.1 0.116 £ 0.012 [This work]
0.120 + 0.083 [17]
MG d(n, v)15m9Cd ot Epithermal neutron 6.1 0.137 £ 0.014 [This work]
0.085 + 0.035 [18]
0.1 + 0.051 [18]
HiCd(n, ) 15m9Cd 0t Mixed Ther. and Epither. 6.1 0.112 £ 0.011 [This work]
0.080 % 0.028 [18]
U60d(n, 2n)15m90d - 0F 14.1 MeV neutron 5.4 0.921 + 0.130 [19]
14.4 MeV neutron 5.7 0.694 + 0.074 [20]
14.8 MeV neutron 6.1 0.710 + 0.131 [21]
5 [p(n, p)t5m9Cd 9/2% 14.9 MeV neutron 3.5 0.616 £ 0.118 [15]
H8Sn(n, a)5m9Cd ot 14.9 MeV neutron 14 0.261 £ 0.090 [15]

Tuong tu nhu dbi véi truong hgp ciia 09™8Pd, hieu tng kénh
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phan tng ciing dudc quan sat trong két qud ty s6 dong phan cta
15m.eCd trong cac phan ting khac nhau.

3.4 Ty s6 dong phan cua ¥™™eCe, 15m8Cd, 09mepd, va

8lmeQe trong phan tng déi ngau (v,n) and (n,7)
Bang 6 trinh bay cic két qua thyc nghiem thu dude clia cac cap
dong phan B™™eCe, 11PmeCq, 109mepq v 81m&Se trong hai phan
ting (v,n) and (n,7) va so sanh véi cac két qua khac da duge cong
bé trude do.

Béang 6: Ty s6 dong phan trong phan ting ddi ngau (v,n) and (n,)

Nuclear Reaction Type of Product Ex.  Isomeric Ratio
and Product Projectile Energy [MeV] IR
138Ce(ry, n)B™m9Ce 25 MeV 5.5 0.221 £ 0.022 [This work]
Bremsstrahlung 0.19 £ 0.02 [26]
136C¢(n, v)13™9Ce  Thermal neutron 7.4 0.112 + 0.011 [This work]
0.109 =+ 0.01 [3]
0.15 £ 0.01 [27]
0.088 + 0.006 [28]
H6Cd(y,n) 15904 25 MeV 5.8 0.165 & 0.016 [This work]
Bremsstrahlung 0.168 + 0.02 [29]
14Cd(n,y)"15™9Cd  Thermal neutron 6.1 0.116 £ 0.012 [This work]
0.099 + 0.0033 [18]
10 pd(~y, n)t09m9 pq 25 MeV 6.3 0.069 + 0.007 [This work]
Bremsstrahlung 0.065 + 0.003 [11]
108 pd(n, )99 Pd  Thermal neutron 6.1 0.023 £ 0.002 [This work]
0.018 % 0.005 [10]
0.028 = 0.005 [9]
82Ge(vy,n)81m9 Se 25 MeV 6.9 0.556 & 0.055 [This work]
Bremsstrahlung 0.56 + 0.02 [30]
805e(n,v)8™9S5e  Thermal neutron 6.7 0.114 + 0.014 [This work]

0.204 + 0.024 [27]
0.136 = 0.011 [9]
0.096 + 0.009 [31]

Nhitng két qua vé ty s6 dong phan trong phan ting ddéi ngau
(7,n) va (n,7) din t6i ciing mot cip dong phan 137eCe, 1omeCq,
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109m.gpq | va 81m:&Se 13 khac nhau do hiéu tng kénh. T s6 dong phan
trong phéan ting (v,n) cao hon dang ké so v6i trong phéan ting (n, 7).

3.5 Ty s6 dong phan tinh theo ly thuyét trong phan
tng (v, n)

Ty s6 dong phan ctia cac cap dong phan tao ra tit phan tng (v, n)
trén bia Se, Pd, Ce, Eu va Hg gay bdi biic xa ham da duge tinh toan
theo cAc mo hinh 1y thuyét (sit dung cong thiic Eq. 1).

3.5.1 Mo phdéng phé bic xa ham

Phd bitc xa ham véi nang lugng cuc dai tit 10 - 25 MeV va khoang
cach moi bude nang lugng 1a 1 MeV da duge mo phong béi cong cu
GEANT4 nhu trong hinh 7.

6

10 — 10 MeV — 11 MeV — 12 MeV

1A — 13 MeV 14 MeV — 15 MeV

:.‘5‘ 16MeV ~ —17MeV ~ — 18 MeV

5 N 19MeV ~ —20MeV  — 21 MeV

— —22MeV  —23MeV  — 24 MeV

g . \\ e 3 Me' e

S 10°E —
[ =
5 =
2 C
2 C
3L
g 10°s
Q =
= C
R L
1%
5 10 15 20 25
Energy (MeV)

Hinh 7: Phd ham véi cac nang luong cuc dai khac nhau duge tinh béi
Geant4.10.06 v6i 500 trieu hat so cap
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3.5.2 Tinh todn tiét dién

Hinh 8 va 9 mo t4 tiét dién phan tng (y,n) ciia "4828e va 138:140C¢
dugc tinh b6i ma TALY'S 1.95 v6i mau mat do mic ldmodel 1 (Ld1)
va ham lyc Strength 2 (s2). Céac két qua duge so sanh véi dit lieu
hién c6 trong thu vien EXFOR. Céc két qua véi cac dong vi khac
dugc trinh bay day di trong luan an.

180
1204 g, B, Total
Se(y,n) “Se 1604 “Se(y,n)*'Se Direct
Preequilibrium
100 4 wod  m e Compound
= = 120
£ 04 =
-’ -
= = 100+
£ g
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Hinh 8: Tiét dién phan tng (v,n) cta ““°*Se
450 s00
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400 4 Ce(y,n) " 'Ce Direct 450 Ce(y,n) "Ce Direct
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350] coi Fperatind 400 -~~~ Compound
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= - E 300
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£ 2 250
2 2004 1
Z 2 200
i
& 1504 @
£ g ]
100 -
= o 100 4
i 50+
0 i 0 ——"

Energy (MeV)

Hinh 9: Tiét dién phan tng (y,n) cla
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3.5.3 Ty s6 dong phan trong phdn ing (v, n)

Ty s6 dong phan clia 31M8Se va, 95m&Hg trong phan ting (7, n) nhu
nhitng két qua dién hinh dugc trinh bay trong Hinh 10 va 11. Nhitng
két qua clia cac dong vi khac dudge trinh bay chi tiét trong luan an.

8286(’)’, n)81m,gse

e————— s1: Kopecky-Uhl generalized Lorentzian s7: T-dependent RMF Y M.G.Davidov1985

© + s2: Brink-Axel Lorentzian - - s8: Gogny DIM HFB+QRPA 1 S.R.Palvanov1999
— = = s3: Hartree-Fock BCS tables [] T.D.Thiep2012 % S.R.Palvanov2019
= - = - s4: Hartree-Fock-Bogolyubov tables [] B.M.Hue2021 A.D.Antonov1991
= + = = s5:Goriely’s hybrid model i V.M.Mazur1991 Y.P.Gangrsky2001

= = s6: Goriely's T-dependent HFB

Ld1: Constant Temperature Model
+ Fermi gas model

Ld2: Back-shifted Fermi gas model
0.8

0.6
0.4

0.2

Isomeric Ratio
e o 2
- =) o

S
1)

pa ya
0.0 Ld5: MLD (Skyrme Force) from Hilaire’s Ld6: MLD (temperature dependent HFB,
combinational tables Gogny force) from Hilaire’s combinational tables
0.8
0.6
0.4
0.2
0.0-7 o
10 12 14 16 18 20 22 24 2610 12 14 16 18 20 22 24 26

Energy (MeV)

Hinh 10: Ty s6 dong phan tinh theo ly thuyét ciia 8!™8Se, dugc so
sanh véi cac két qua thuc nghiem

Nhu vay, sy két hop ctia ma TALYS va cong cu mo phong
GEANT4 c6 thé tinh toan dugdc ty s6 dong phan trong phan tng
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196Hg(,y7 n)195m g g

e s1: Kopecky-Uhl generalized Lorentzian = = s6: Goriely's T-dependent HFB
« + + +  s2:Brink-Axel Lorentzian =~ e s7: T-dependent RMF

= = = s3: Hartree-Fock BCS tables - s8: Gogny DIM HFB+QRPA
= = = - s4: Hartree-Fock-Bogolyubov tables ¢ T.D.Thiep2019

= =+ + = s5: Goriely’s hybrid model " B.S.Ishkhanov2011

Ldl: Constant Temperature Model

+ Fermi gas model Ld2: Back-shifted Fermi gas model

0.00 =t
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Energy (MeV)

Hinh 11: T¥ s6 dong phan tinh theo Iy thuyét ctia °™&Hg
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quang hat nhan gay béi biic xa ham. Dya vao cac két qua tinh toan
trong luan an nay, ching t6i thay ring ca sau mau mat do mic clia
ma TALYS 1.95 déu mo ta tét xu huéng clia ty sdé dong phan phu
thudc vao nang lugng tuong tir nhu trong cac két qua thie nghiém.
Tuy nhién khong phai tit ci sau cac mau mat do mic ciing véi tam
ham lyc gamma déu biéu dién chinh xac céc két qua thyc nghiem.
Vi du trong két qua tinh toan ciia 8™8Se thi cdc miu mau mat do
mitc Ld1 (mAu nhiét do 14 hang s6 két hgp v6i mau khi Fermi) mo ta
tot két qua thiyc nghiém déi véi hau hét cac ham Iyc nhung mau Ld4
(mau vi phan st dung lyc Skyrme duge trinh bay dudi dang bang
ctia Goriely) thi chi ¢6 ham lyc s7 (ham lyc gamma trong truong thé
trung binh tuong d6i phu thuoc vao nhieét do) mo ta chinh x4c nhat
céc két qua thyc nghiem. Con déi véi truong hop ciia 19°™8Hg thi cac
mau mo ta tuong doi tot, dac biet 1a mau mat do mic Ld5 (mau vi
phan st dung luc Skyrme duge trinh bay dudi dang bang cua Hilaire)
v6i ham e s2 (ham lye Lorent ciia Brink v Axel) biéu dién rat tot
két qua thiyc nghiém clia ca 2 tac gid T.D.Thiep va B.S.Ishkhanov.

Ngoai ra, diya vao cac két qua duge trinh bay day di trong luan an
thi hiéu tng cau hinh nucleon dudce quan sit trong ty s6 dong phan
thiic nghiém nhung trong cac két qua tinh toan ly thuyét thi hiéu
tng nay chi duge xac nhan trong truong hgp ctia dong vi 195197Hg
ma khong thiy trong truong hop ciia 381Se va 137:139Ce,

Chinh vi nhitng 1y do trén méa doi véi tig trudng hgp cu thé thi
mau mat do mic cling nhu ham Iyc gamma can phai duge xem xét
va hiéu chinh cac tham s6 dau vao dé c6 thé mo ta ding nhat cac két
qua thyc nghiém.
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Két luan va kién nghi

Trong luan an nay, ching toi di nghién ctu ty s6 dong phan
trong phan ting (v, n) va (n, ) bang phuong phap kich hoat va do
phd gamma off-line. Hai phan ting nay st dung nguon bitc xa ham va
notron nhiét va trén nhiét duge tao ra tit may gia toc dien tit MT-25
ctia phong thi nghiém phan tng hat nhan Flerov, JINR, Dubna, Nga.
Nhitng két qua da dude so sanh va thao luan véi cac két qua khac va
dan t6i mot sd két luan sau:

D61 v6i phan ting (7, n) trén cac dong vi Hg, Eu, Cd, Ce, Se va
Pd, ching t6i da nhan dién duge bay cip dong phan va tinh toan
t}?l sb déng phan, bao gém 195m,g;197m,gHg’ 152m1,m2Eu, 115m,ng’
13Tm.9Ce, 8lm9Ge va 109m:9 Pq. Ty s6 dong phan thyc nghiem ciia
195m9 [ g tit 14 - 24 MeV, Y99 g tir 18 - 24 Mev va 192mLm2 gy,
tai 19, 21 va 23 Mev lan dau dugc cong bo. Dbi véi phéan ting (n,y)
trén cac dong vi ciia Pd, Cd, Ce va Se gay bdi neutron nhiét va cong
hudéng, ching t6i da nhan dién duge sau cap dong phan va tinh ty
s6 dong phan bao gom 109m.gilllm.g pg 115m.gillTm.g g 13Tm.9Ce v,
8lm.g9Se. Ty s6 dong phan cta 1PmgTm9 0 vy, 109m.g:lllmg pg gy
bdi notron hén hgp nhiét va cong hudng va ty s6 dong phan cia
Him.g pd gay béi notron cong hudng lan dau duge cong bd. Két qua
no6i bat nhéat cia dé tai luan an nay la su déng goép cac dit lieu thuc
nghlém méi clia natEu(,% n)152m1,m2Eu’ natHg(,y’ n)195m,g;197m,gHg’
nat pd(n,y)109m9 Pd, and "*Cd(n, v)1Pm9illTmICd. Cac két qua clia
195m,g;197m,gHg’ lOQm,g;lllm,gPd’ va 115m,g;117m,ng da duge dua vao
thu vién dit ligu phan dng hat nhan thuc nghiém (EXFOR) cia Co
quan Nang lugng Nguyén ti Quoc té (IAEA). Doc gid c6 thé truy
cap duong dan (https://www-nds.iaea.org/exfor/) dé truy cap dit
lieu. Nhitng két qua thuc nghiem thu dude c6 thé sit dung cho cac
tinh toan Iy thuyét ho#c cho cac tng dung khac.

Dé tiép tuc cac cong viec nghién ciu trude ctia nhém ching toi,
trong deé tai luan 4n nay ching to6i da nghién ctu mot s6 hiéu ing 4nh
hudéng t6i ty s6 dong phan, bao gdm ning luong kich thich, cau hinh
nucleon, sit sai khac vé spin va hiéu tng kénh phan tng. Nhu mot sy
nhan dinh sau sic hon, ching t6i da nghién cttu hiéu tng kénh trong
phan ttng d6i ngau (7, n) va (n, ¥) tao ra cic cip dong phan véi cing

23



nang lugng kich thich sdn pham dé thay dudc d&nh hudng clia xung
va momen xung lugng day nhu mot phan clia hiéu tng kénh.

D@ tai ciing da tinh toan ty s6 IR trong phan ting (v, n) v6i nang
lugng bitc xa ham tir 10 - 25 MeV trén bia Se, Pd, Ce, Eu va Hg dua
trén cAc mo hinh ly thuyét sit dung ma TALYS 1.95 va cong cu mo
phéng GEANT4. Cu thé, cong cu GEANT4 da duge st dung dé mo
phéng bitc xa ham va code TALYS diing dé tinh toan tiét dién phan
ting. Ching toi ciing da khao sat ham kich thich v6i sdu mau mat do
mtc va tdm ham lyc gamma. Xu hudng phu thudc vao nang lugng
clia cic két qua tinh toan ly thuyét 1a tuwong tu déi véi két qua thue
nghiém. Ngoai ra, hiéu tng cau hinh nucleon ciing dugc xac nhan
trong truong hgp ctia Hg nhung khong thé hién trong trudng hop ctia
Ce va Se. Tit viéc so sanh gitta két qua thuc nghiem dé biét mau mo
ta phit hop nhat va ¢ thé truy xuat duge cac thong tin quang trong
lien quan t6i cau tric mic kich thich hat nhan, mat do mitc, phan bb
spin, va rat nhiéu cac thong s6 khac. Nhitng mau khong phit hgp can
phéi c¢6 cac hieu chinh chi tiét hon lién quan t6i mau mat do miic,
ham Iyc gamma va nhiéu cac tham s6 lién quan khac.

Tiép ndi cong viec hién tai, ching toi dir dinh sé nghién ctu ty s6
dong phan trong phan ting quang hat nhan v phan tng véi notron
trén nhiéu cac hat nhan tit nhe cho t6i ning, dac biet ddi véi cac hat
nhan bién dang. Nghién ctu va tinh toan phdé ham va phd notron
tao ra tit may gia toéc dién ti va tit cdc nguon khéc trén cac loai vat
lieu khac nhau véi bé day thay doéi. Va tinh toan ty sé dong phan ly
thuyét trong phan ng (n, ) gay bdi notron nhiet va cong hudng dua
trén ma TALYS do ma nay chua giai quyét duge chi tiét va chinh xéc
dbi véi cac notron nhiét va cong hudng (nang lugng <300 eV).
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