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Tom tit Truong trung binh hat nhan hay thé don hat 1a mét dai luong quan trong xac
dinh tinh chit don hat cua proton va neutron trong chat hat nhan ciing nhu trong hat
nhan hitu han. Mau folding dwoc str dung dé tinh thé quang hoc nucleon-hat nhan duwa
trén tinh toan Hartree-Fock (HF) cho chét hat nhan st dung twong tac CDM3Yn.
Thanh phan trao ddi cua thé folding dugc xac dinh chinh xac trong khudn khé tinh toan
HF 14 thanh phan thé xuyén tam phi dinh x&. Phuong phép R-matrix dwoc ap dung dé
giai phuong trinh tan xa véi thé quang hoc phirc phi dinh xtr, phan tich tan xa dan hoi
nucleon 1én cac hat nhan “**3Ca, ©zr, va “®Pb tai cc ning luong khéac nhau. Dya trén
phép gan dang dinh xt d6i véi thanh phan thé trao d6i cua thé folding, dai lugng khoi
lwong hiéu dung m* duge xac dinh théng qua su phu thudc xung luong cua thé quang
hoc. Két qua m* thu duoc tai mat do gan bang mat do bdo hoa p, pht hop véi két qua
tinh toan HF cho CHN sir dung cung phién ban tuong tac NN hi¢u dung phu thuéc mat
do.

Tir khoa: Mdu folding, thé quang hoc, phi dinh xiz, R-matrix, khéi lirong hiéu dung.
1. Mé dau

Chuyén dong cua nucleon trong mdi trudng hat nhan duoc mé ta bai truong trung binh
hat nhan, duoc biét dén nhu thé hat nhan theo mau vo cho trang théi lién két va thé quang hoc
cho trang théi tan xa. Truong trung binh hay thé don hat ciing la dai luong quan trong trong
nghién ciru hé nhiéu hat phwong trinh trang thai (EOS) cuia chat hat nhan (CHN) ciing nhu céu
trdc hat nhan hiru han. Nhiing tién doén vé truong trung binh d6i véi thé quang hoc (OP) cia
tan xa dan hoéi nucleon trong CHN cung cép thong tin dau vao quan trong dé xac dinh thé OP
cta hat nhan hitu han theo tinh toan vi mo, dic biét 1a cac phién ban khac nhau cia mau
folding [1-4].

Nhitng nghién ctru vi md hé nhiéu hat CHN d4 chi ra vai trd quan trong cua hiéu Gng
ngoai trir Pauli ciing nhu d6ng gop cua cac sé hang béc cao trong twong tac NN tai nhiing gia
tri mat o cao cia CHN [5]. Nhitng hiéu tng trung binh nay 1a nguon géc vat ly dua dén sy
phu thudc mat d6 cua twong tdc NN hiéu dung duogc sir dung trong nghién ciru cdu tric hat
nhan va phan tng hat nhan. Trong dé tai nay, chlng toi tap trung chu yéu vao phién ban
tuong tac phu thuéc mat d6 CDM3Yn [6] duoc xay dung dua trén twong tac M3Y-Paris [7].
Tuong tic CDM3Yn da dugc st dung thanh cong trong tinh todn HF cho CHN [8,9] cling nhu
trong cac tinh toan folding thé quang hoc nucleon-hat nhan va hat nhan-hat nhan tai nang
lwong thap va trung binh [10-14]. Su phu thudc mat do cua twong tac CDM3Yn (n=1-6) d4
duoc tham s6 hda lan dau tién dé md ta duogc tinh chat bio hoa cia CHN [7]. Gan day, su phu
thudc mat do cua twong tic CDM3Y3 va CDM3Y6 dé duogc hiéu chinh lai khi tinh dén déng
gop cua sb hang tai chinh hop (rearrangement term-RT) cua thé trung binh hat nhan trong cac
tinh toan folding thé OP nucleon [1]. Su d6ng g6p dang ké cua thanh phan RT vao thé OP
nucleon dinh xt d3 duoc thé hién qua két qua mo ta tan xa dan hdi neutron 18n 298P taj nang
lwong 30.4 va 40 MeV theo mau quang hoc [1].

Trong sb nhitng phién ban khéac nhau cua tuong tic CDM3Yn [6], tuong tic CDM3Y6
duoc str dung phd bién nhat trong céc tinh toan folding thé OP nucleon-hat nhan va hat nhan-
hat nhan [6,11-12]. Trong dd, thanh phan trao d6i cua thé folding duoc dua vé dang dinh x1r.
Tuy nhién, khi xét dén hiéu ing phi phan ximg h6a cta hé nucleon-hat nhan, thanh phan trao
d6i cua thé folding ¢ dang phi dinh xu trong khong gian toa do [4]. Do dd, viéc danh gié vai
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trd quan trong cua thanh phan RT trong m6 ta tn xa dan hdi nucleon theo mau quang hoc sir
dung dang chinh xac phi dinh x& ctia thé OP 14 nghién ctru can dugc thuc hién. Véi muc dich
d6, mau folding mé rong cho thé OP nucleon duogc &p dung trong dé tai nay khi tinh dén sb
hang RT dua trén tinh todn HF cho CHN sir dung cung phién ban twong tic CDM3Yn [1].

Viéc giai phuong trinh tan xa theo mau quang hoc véi thé folding phi dinh x& dua dén
phuong trinh vi-tich phéan, phuc tap hon so véi giai phuwong trinh vi phan théng thuong chi
chira thé dinh xir. Gan dy, ching t6i &p dung phuong phap R-matrix [15,16] dé giai phuong
trinh tan xa v6i thé OP phi dinh xt [17]. Phuong phéap nay sau dé ciing duoc &p dung dé giai
phuong trinh tan xa dan hoi nucleon sir dung thé OP phi dinh xir theo mau folding.

2. Phwong phap nghién ciu
2.1. Thé quang hoc phi dinh xir theo mau folding

Su phan xtng héa ham séng cua hé twong tac bao gom nucleon t&i va nhitng nucleon
trong hat nhan bia dua dén thanh phéan trao d6i cia thé tuong tic nucleon-hat nhan. Khi dé,
thé folding bao gom thanh phan thé truc tiép dinh xu (local) va thanh phan trao d6i phi dinh
xtt (nonlocal) [4]. Phuong trinh Schrédinger mo ta tan xa dan hoi nucleon-hat nhan c6 dang:

{—S—ZVZ +V; (R) +V, (R) +V¢ (R)/. a};((k, R) +jVEX (r,R) y(k,R)dr =Ex(k,R) (1)
Y7,

Trong miu folding don, thanh phan xuyén tam cua thé quang hoc cho tan xa ctia nucleon loai
7 (proton hodc neutron) Ién hat nhan bia c6 dang twong tu nhu thé Hartree-Fock bao gom
thanh phan truc tiép Vp(R) va trao doi Vex(r, R) dugc X&c dinh nhu sau,

UL (R) =Y 9. () Vo (s, p)dr

o )
Ul (rR) = Zp‘r'(r’R) Ve (8, 0)

véis=|r-R|va

p.(r)= z p(r,o1)p(r,or)
nljm; (3)
pr'(r7 R) = Z (Di(r,O',T')¢i(R,O',T'),

nljm;
trong d6 i={7,n,1,j,m;} va ¢ (r,o,7) 1a ham song don hat ctia nucleon lién két trong hat nhan
bia.

_ uniliji( )
@(r,a,r)—f wim, (F,0)2(7) 4)

Véi dong gbp quan trong cua hiéu tng tai chinh hop (RT) trong nghién citu trudng trung binh
CHN sur dung twong tac CDM3Yn [1], sy dong gop cua thanh phan RT trong OP nucleon-hat
nhan ciing can dugc khao sat cu thé trong khuon khé mau folding mé rong. Thanh phan
xuyén tam truc tiép va trao doi Vpex)(S,0) ciia trong tac CDM3Yn khi tinh dong gop cua sb
hang RT c6 dang

Vo) (8:0) =[F(0) + AR, (0) Ve (8) +[Fi(p) £ AR, (0) [V, (S) 7z, ()
trong d6 dau (+) khi nucleon t6i 1a neutron, dau (-) khi nucleon téi 1a proton. Thanh phan phu
thudc ban kinh Vo= (s) c6 dang tong cua ba ham Yukawa [8]

00(01)
exp(—,S
e =3 Y 0 T8 ) ©

v

Cuong do Yog’{()?)() va khoang tuong tac y, cia ham Yukawas dugc dua trong Bang 1 cua tai

liéu [10]. Nhu da duoc gidi thiéu trong [11], ham phu thudc mat do cua twong tac cd dang,
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F0(1) (p)= C0(1) |:1+ oy exp(_ﬂo(l)p) + 7/0(1):0] (13)
Thanh phan phy thudc mat do ARy, (p) ctia s6 hang RT ¢6 duoc XAc dinh cu thé trong tai liéu

[1]. Ham Yukawa f,(s) = XPEAS) 6 thé duoc khai trién theo hé ham harmonic ciu nhu

v

Sau

A .
f(lr—r1)=> ——f"(r,r)Y, ()Y, (' 7
V( ‘) %214_11 ( )ly()ﬂ,u( ) ()
Nhan ca hai vé cua phuong trinh (1) véi cac ham harmonic cau va lay tich phan theo géc khéi
R va k ta thu duoc phuong trinh phy thudc ban kinh cho ham séng riéng phan 7 (K R)
R d? o 1(+1
{ ( : }Zu (k,R) + [VD(r) +V (r)+ AJ.VSO(r)};(,j (k,R)

+[Va RNz (k,ndr = Ex (k,R) (8)
Phuong trinh (8) ¢6 thé duoc giai bang phuong phap R-matrix [19, 20].

2.2. Khi luong hiéu dung

Véi thé quang hoc phi dinh xu, bai toan tan xa can giai 1a phwong trinh vi tich phan (1)
phuc tap va khé giai hon so véi phuong trinh vi phan thong thuong, do d6 nguoi ta thuong
dung cé&c phuong phap xap xi dé dwa thé quang hoc phi dinh xi vé dinh x&. Séng tan xa
7(F) & phuong trinh (1) dugc xap xi vé dang xong phang theo gan ding Brieva-Rook nhu
sau.

2() = 7(R+3) ~ 2(R)exp| ik (R)S | €)

Trong d6 xung lugng cua nucleon toi chuyén dong trong truong trung binh caa hat nhan
bia dugc xac dinh tir phan thuc cuaa theé quang hoc

2 1/2
K(R) = [h—é‘(E ~V.(R)—ReU (R))} , (10)
Khi d6 thanh phan trao doi cua thé OP nucleon-hat nhan c6 dang dinh xt phu thuc vao
xung lugng k caa nucleon. Mot dai luong vat ly quan trong lién quan dén su phu thuéc xung
luong caa thé OP 1a khéi lugng hiéu dung m”; dugc xac dinh nhu sau

-1
my(p,0,k) m dU-(p,d, k)
m [1 + h2k ok '

(11)
trong d6 m 1a khéi luong cua nucleon ty do. Trong khudn khé tinh toan HF, khdi luong hiéu
dung cua nucleon duoc xac dinh trong méi lién hé vai hiéu tng phi dinh xt caa thé trung binh
ma nucleon cam nhan khi chuyén dong trong madi trudng hat nhan. Nhiing thong tin vé khbi
lwong hiéu dung nucleon trong CHN, dic biét 1a do tach khéi lwong hiéu dung, rat can thiét dé
xéc dinh céc dai luong quan trong lién quan dén EOS ciia CHN giau neutron nhu ning lugng
ddi xting Esym va d6 doc L [18,19]. Do tach khdi lvong higu dung m”,., caa neutron va proton
duoc xac dinh nhu sau

m,_, =(m,—m;)/m (12)

n-p
Nhiing thdng tin vé do tach khdi lugng hiéu dung con c6 vai tro quan trong dé xac dinh ty I¢
neutron va proton trong qua trinh tién hoa hay nguéi di cua tién sao neutron [18]
3. Két qua va thao luan
3.1. Tan xa dan héi nucleon 1én hat nhan *°*Ca, *zr va 2°%®pb
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Trong bao céo nay, nhimg két qua tinh toan cho thé quang hoc nucleon dugc sir dung dé
mo ta tan xa dan hdi nucleon-hat nhan trén cac bia “**3Ca, ®zr, ®Pb & nang luong thip va
trung binh sir dung thé quang hoc phi dinh xir ¢4 so sanh véi truong hop st dung thé dinh xtr
theo gan ding Brieva-Rook dé danh gia anh huong ca hiéu tmg phi dinh x.

10 - Nonlocal without RT
Nonlocal with RT
----=- Local with RT

10-6 N [ 1 A PR | L 1 ]
0 20 40 60 80 100 120 140 160 180

e_, (deg)
Hinh 1. S6 liéu tiét dién tan xa dan hoi n+°Pb tai nang lugng 26, 30.4 va 40 MeV ciia neutron t6i
[20-22] dugc md ta theo miu quang hoc véi thé folding phi dinh st dung twong tic CDM3YS8,
trong hai truong hop ¢ va khdng c6 déng gop cia thanh phan RT. Két qua thu duoc so sanh véi
truong hop sir dung thé dinh xi theo gan dung BR ¢6 dong gop cua thanh phan RT.

a_
10 MNeutron elastic scattering

- Nonlocal without RT
- Nonlocal with RT
'Ca ————— Local with RT

16.9 MeV

10°

10°
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Hinh 2. Tuong tu nhu Hinh 1 nhung ddi vai tan xa dan hdi neutron 1én céc bia “**3Ca va *zr [23-25]
duogc do tai nang luong 12 va 24 MeV

Dé khao sat sy dong gop cua thanh phian RT trong tinh toan folding OP nucleon-hat
nhan, tan xa dan hoi cta neutron-hat nhan 13 sy lya chon thich hop nhét khi khéng chiu anh
huodng cta thé Coulomb. Hinh 1 md té tiét dién tan xa dan hdi cua neutron 1én hat nhan 2°®Pb
tai nang luong 26, 30.4 va 40 MeV cua neutron t6i, két qua thu dugc ddi voi OP phi dinh xir
trong hai truong hop co (with RT) va khong c6 (without RT) dong gop cua sb hang tai chinh
hop RT dugc so sanh véi trudng hop OP dinh xt ¢6 dong gop cua sd hang RT. Nhitng tham
s6 phan thuc ctia twong tic CDM3Y6 duoc hiéu chinh dé mé ta dugc cac tinh chit co ban cua
CHN theo phuong phap HF, do do dé danh gia chinh xac vai tro dong gop cua sb hang RT,
nhimg tham s6 nay duoc str dung dé xac dinh thanh phan thé folding thyc ma khong can tai
chuan lai. Két qua tiét dién tan xa theo mau quang hoc dugc so sanh voi sb liéu thuc nghi¢m
[20-22] thé hién trén Hinh 1 cho thdy OP phi dinh xt v&i thanh phan thyc duoc xéc dinh theo
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mau foding mé rong khi c6 thém dong gop cia thanh phan RT gitip mé ta tét hon s liéu thyc
nghiém. Khi khéng c6 dong gop cua twong tic Coulomb, tiét dién tan xa dan hoi neutron tai
nhitng goc nho chi co thé duge mo ta tot khi c6 dong gop cia thanh phan RT. Két qua so sanh
tiét dién tan xa dan hoi n+208Pb sir dung thé folding dinh x va phi dinh xir trén Hinh 1 ciing
cho thiy phép gan dung dinh xi ap dung cho thanh phan trao d01 ctia thé 1a kha phu hop, va
OP dinh xtr v6i su dong gop cia s6 hang RT ciing cho m ta tét s6 liéu thuc nghiém. Sy dong
g6p quan trong cua thanh phan RT va tinh chinh xé4c ciia phuong phép dinh xu ciing duoc thé
hién qua két qua thu duoc dbi tdn xa dan hdi neutron Ién cac hat nhan trung binh “**3Ca va
%7r (Hinh 2).

----------- MNonlocal without RT
Nonlocal with RT
~.=.= Local with RT

do/dQ (mb)

X Tescsacl

0 20 40 60 80 100 120 140 160 180

Hinh 3. Tuong ty nhu Hinh 1 nhung ddi voi tan xa dan hoi p+208Pb dugc do tai ning lwong 30, 35,
va 45 MeV [26, 27].

Tan xa dan hdi p+*®Pb duoc do tai ning luong 30.4, 35, va 45 MeV [26,27] duoc so
sanh trén Hinh 3 véi két qua thu duge tir mau quang hoc sir dung ba dang thé folding nhu da
thao luan trén Hinh 1. Tai nhiing gia tri gc nho, hiéu ung RT bi anh huéng mot phan boi
thanh phan tan xa Coulomb nén khdng thé hién r nét nhu ddi véi tan xa neutron. Tuy nhién,
su dong gop cua thanh phan RT van rat quan trong khi md ta s6 liéu tan xa trén khoang gia tri
con lai cua phan bd goc (theo Hinh 3). Ca hai phién ban dinh xir va phi dinh x& ciia thé
folding déu cho cuing két qua tiét dién tan xa dan hdi p+2°®Pb tai gbc nhé va trung binh, trong
khi s6 liéu tan xa tai goc 16n duge mo ta tét hon boi thé folding phi dinh xw, dic biét tai ning
luong 45 MeV.

Nhu véy, doi v6i hat nhan bia magic c6 khoi lugng trung binh, két qua phén tich tiét
dién tan Xa theo mau folding da chi ra vai tro quan trong cua thanh phan RT va hi¢u tng phi
dinh xr ctiia thé OP nucleon.

3.2. Khdi lwong hiéu dung

Nhimng nghién ctu vé khdi lwong hiéu dung neutron va proton di duoc thyc hién tir
nhiéu nim qua dya trén nhimg tinh todn cau trc hat nhan cho nucleon & trang thai lién két
(k.<ke,). Tuy nhién, sy phu thugc twong minh vao do bat déi xiing cia m, hay do tach khdi
lwong hiéu dung tir nhitng nghién ctru ciu tric van khé xéac dinh duoc. Do d6, trong dé tai nay
chding tdi xac dinh sy phu thudc d6 bat ddi xang ctia khdi lugng hiéu dung tir sy phu thude do
bat d6i ximg cua thé OP nucleon sau khi d4 sir dung thanh cong thé OP nay dé mo ta sé liéu
tan xa dan hoi nucleon tai nhimg ning luong khac nhau. Dua trén sy so sanh giita két qua st
dung thé OP nucleon dinh x{r va phi dinh x@& theo miu folding, phép gan dung dinh xit BR
duoc khang dinh 1a phép x4p xi khé tét. Do d6, thé OP dinh xt ¢6 thé dugc sir dung dé xac
dinh khdi luong hiéu dung qua hé thirc (11).
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Hinh 4. Sy phy thugc cia xung lugng va khoi luong hi¢u dung neutron (hinh trai) va proton
(hinh phai) vao khoang cach R tir nucleon t6i @én hat nhan bia, tai nhirng gié tri caa nucleon tgi E=1-
45 MeV.

Thé OP nucleon dinh x& phu thudc vao khoang cach R giita nucleon t&i va hat nhan bia
nén xung luong va khi luong hiéu dung caia nucleon dugc xac dinh theo céc hé thic (10) va
(11) ciing phu thugc vao khoang cach R. Méi lién hé gitra xung luong va khdi luong hiéu
dung neutron va proton véi R duoc thé hién trong Hinh 4, vai ning lugng caa nucleon t6i E =
1 ~ 45 MeV. D& thay rang, xung lugng cua nucleon giam tir 1.6 ~2 fm™ tai tam dén 0.2~1.5
fm™ tai b& mat va 16n hon xung lwong Fermi. Trong cung khoang R trén, khéi lwong hiéu
dung m’, tang tir 0.75~0.78 dén 1.0 tai bé mat va m", tang tir 0.73~0.75 dén 1.0 tai bé mat. Su
thay dbi cia m theo R ciing d& dwoc thé hién trong nhitng tinh toén ciu tric.

0.80 ——————————— T T
078 | -
[ .
Pb
O-?a [ 48 "-—‘-_.-‘ ]
L Dzp o o |
&
074 | R * -
B fenll °..° ‘
[T O -
O-Tz A, .-.......-....-..--------l-- 1
e prOtON B
ool - neutron |
- : | | | 1 1
0.00 0.05 0.10 0415 0.20 0.25 0.30

)

Hinh 5. Khéi luong hiéu dung neutron va proton theo theo tinh toan HF cho nucleon lién két
trong CHN phi déi xtmg tai p = po; k. = k7, tai cac gi4 tri khac nhau cua do bit dbi xang 6. Nhiing
diém tron (hinh thoi) 1a khdi lwong hiéu dung cuaa neutron (proton) thu duoc tir thé folding cho hat
nhan hiru han tai p = po, tai nang lugng E=0.05 MeV cua nucleon téi.



Su khac nhau giita m", va m’, tai tam cua cac hat nhan bia véi p~pp, va do bét ddi xtng
5=(pn-pp)!p (8 ~ 0.185 dbi v6i hat nhan **®Pb) c6 thé duoc so sanh vai két qua thu dwoc trong
truong hop CHN tai xung leong Fermi k.. Do d6 dé so sanh véi trudng hop CHN, m” dugc
x4c dinh tir thé OP nucleon tai ning lwong 0.05 MeV dbi véi cac hat nhan *Ca, *zr va 2°®pb,
khi d6 xung luong cia nucleon gan hon véi xung lugng Fermi. Két qua duoc thé hién trén
hinh 5 cho thiy m'/m phu thudc tuyén tinh theo d6 bt dbi xtmg & va ¢ xu hudng khéc nhau
d6i v6i neutron va proton, twong tu nhu trudng hop CHN. Do tach khéi lugng hiéu dung m”,.
o(0,0)=(0.167+0.018)5 van nam trong khoang béan thyc nghiém m*n-p(po,é)z(0.27i0.25)’5 Xac
dinh dugc tir nhirng thi nghiém vat ly hat nh&n va quan sat thién van [28]. Tuy nhién, két qua
nay lai thap hon so véi gi trj M n(00,0)~(0.4120.15)5 thu duoc tir thé OP hién tuong luan
dung trong mo ta tan xa dan hoi nucleon [29].
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THE NONLOCAL NUCLEON OPTICAL POTENTIAL AND NUCLEON
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Abstract:

The nucleon mean-field potential or single-particle potential is the most important
quantity determining the single particle properties of protons and neutrons in nuclear matter as
well as in finite nuclei. In this study, the folding model is used to calculate the nucleon-
nucleus optical potential (OP) based on Hartree-Fock study of nuclear matter limit using the
density dependent CDM3Yn interaction. The exchange part of the folded potential is treated
exactly in the HF manner, leading to a nonlocal central term of the nucleon OP. To solve the
optical model (OM) equation with a complex nonlocal OP, the calculable R-matrix method
has been used in our OM analysis of the elastic neutron and proton scattering on “**®Ca, *zr,
and 2%®pb targets at different energies. The OM results given by the complex nonlocal folded
OP are also compared with those given by the global parametrization of the nonlocal nucleon
OP deduced recently using the nonlocal form factor suggested by Perey and Buck. Based on a
realistic local approximation for the exchange term of the folded nucleon OP, a simple
method is suggested to determine the nucleon effective mass m* at sub-saturation densities
(p<po) from the in-medium momentum dependence of the nucleon OP. The obtained results
for m* agree reasonably with those of the HF calculation of nuclear matter using the same
density dependent NN interaction.

Keywords: Folding model, optical potential, nonlocal, R-matrix, effective mass.



