Reaction Theory (for exotic muclei )
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@ Methods (crrently) avouable for prachical calculahons
of wavefunchons of reacting systems +observables;
(approximations, reltobility , u.unﬂ.abr'.l.ita)

o Overview of basic concepts, current adventures!
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Aworeness of timescales, mechanisms , interackions ,
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— energy, target (Z), detechdn geometry
use npprnm'mnhﬁns wh:éh make Struchure
input and Sensthiviiy more transparent




l Single particle spectroscopy —reachons which

® minimuuﬂ rearronge constituents

(small number of dearees of Freedom — excite a

single nucleon | possible) — DIRECT REACTIONS i
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stripping — N removal + lnmet exdtahon

| transfer reachons

| No practical many-bady reachon theory ~
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Results from Sf.ﬂ'l'ttf‘;ll'ﬂ I:Heora - point purhﬂgu

G_":E k= (2pE/R)™ scatfering
® {-—i‘-"v 4V 9= EQ | conditions
‘ ﬂlrhn\ waove wPu.nsmn uF LP ‘_,‘““tﬁ‘“' ng wave

‘ Uy() > 3 { Helko)- S Hy tk)}
incorming wave / porhal wave S -matrix
(omplitude of oufgoing wave )

S!.  probability amplitude that parhicle survives collision
with nnaulnr momentum L

ISt = survival prnbu.b;lll's ( <1 if Vis complex)
‘[ S¢= E.zisl, &¢ = phase shift ]‘




. Tb e b= impact parometer:
@ ______ fakb (actually 2+Y2 =Kb)
] nb“fpﬁnr ..... semi-

. classical Z 1

|s£' 5 tmnsmmmn ﬁ |Sfb)|
' e : , ln:.rmm3
Rnu; menr.l:
porometer

discrete £ — th-eﬂu-s




‘ Qbservables —-pmhl.-; parhcles

elashc scattering
absarphan /reachdn
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 scattering from o complex potenhal canbe only {
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Eikonol approximathion for paunt parhicles — approx. Soluhon of

Schro dmgt_r equahon
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@ funchion unlauF b-
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\Weakly bound systems — small £, — breakup channel treatment

3 T = excrtahan bo continuum dictated by geamebyof hdal
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% ; -£. E>0,R > ﬂ:(r) by components Cand V
c N
Whatare typical € excited? =VVie = Fv
Does &t matter which € ? C @'~; @ E
l ﬂt.g f:’ =WVVet

_ S e sharp surfaces (nuclear forces
Blaslmphﬂmhnn F E»E IN‘;»PLEIJ arger £ < ZQHEV)
(ﬂ!ﬂd‘l&n 'Fui[;‘_ inkernal ﬂ"lﬂht;ﬂ %Idd) e (oulomb E)mg_q ~slow spahal

varighon, small | F|, small £

o Tnboth cases &, @, , suchthat <HpP X E
Rl-lﬂl‘thu low tntrﬂlhs/veludﬁes associated with relabwe mokions



Naksmura etal. PRL g3 ('98) 1112

1.50
o | (a)
> 1.25 *¥Cc +Pb-> ¥ +n+X
= SERE e oy AL o W
.,_....;w; 1,00 .-+ ++
s 1330MeV
Rk + =6FHeV/u
T os0f
S b o ¢
o | ‘
0.25 u
” ¢ o ¢
___0.00 %.E*Et%fi
= .. (b)
< 125 ——5,=530 keV:'°C(0%)®2s,
S R — S,=160 keV:'°C(07)®2s,
L) i 18 +
S 1,00 T o N T Sp=160 keV:"C(2 vﬁmm_xm
S : e .18
Em e - = =5,=160 keV:"°C(0")®1d s
= ;
~. 0.50 |
]
o
..M 0.25
0.00 =

FIG. 1. (a) Dissociation cross sections as a function of relative
energy E.; for Pb (circles) and C (diamonds) targets. (b)
Coulomb dissociation cross section for the Pb target, obtained
by subtracting the nuclear contribution scaled from the C
target spectrum in (a). The spectrum is compared with
the calculations for the possible single-particle configurations
described in the text.



Adiabahec nEEl‘ummai’lhﬂ‘i (— sudden appoximahon )
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Tn fews-body (reachon) context

'Slow, \4 Frﬂﬁit wnternal coordinate
c A ——+:Fugt1 and then scatler c+v:
Dt 3
= e\ £=1(5,C) Gur
= ¢ '\ .
== .\ oM fixed T
_Sﬂ qgg
all excthahons degenerate
with ground state

physical amplitude fur breskup from &, —> Pr
fie () = <& 1 £(6,7) 147,

e replaces Hp—>-=&5, which should be good approx.
if EDE — willbe better with increasing £ (E= fixed)




For pmc.h;m.l. purposes, replace Hp = -&o ﬁ
Adiabatic few-bodymodel is: H""= T +U(R,r)-€,

{Te+WR-E F W R, =EY R, ()

‘Eikonal model solubion
ssbefoce  WPR, )= e KB &) WD)
‘-——-\.——-"
K= (2ZpLEED)™ e echles

substitute and approximote LVr 0. K > ?:&_)
-t (T3¢ !
W(R,C) = exp {,.75 j a2 UL(E.!:)}
ond as U = sum of 2-body potenhals

aSE>+R  (R,0) = S (bc)Sy(by)
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‘ (adiabahic) Voo = S (b ) E“I':ainn
{\Z{::# Sc (l:) } V79 Slb)Sulby)
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So elastic S-matrix of projechle + i:ﬂraei: problem
(I'-ndudu"lg breakup effects — adiab + €ikonal )

Spfb) = <@, | Sclbe)Sv(by) \ &, 7

survival amplitude survival omplitudes FEw-BobY
for proj. ot c.m. fore,vat be, by EIKONAL OR
impact parameter : — he GLAUBER

b probability ¢,vin this configurahon, Mob EL

+ overoge overall conf :‘3umhhn:



| For spectroscopy — beauhful +transparent formalasim

Sp(w - <¢g \ Se(be) Sv(by) I ‘:E., >I.
‘ @ ignnmics_
ind nt Scett:
;;? czmeﬁwi Farget
| e Structure (best possible wins)

® If elkonal theura accurate (suFﬁ-c,iian) at energy of
interesk — spectroscopic fool.

e How accuratt — how touse ?

More generally Sp(b) = <PI151525554 --Sal®?
forany chowe of 4,2,3... clusters,
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FIG. 2. Schematic representation of the coordinate system used
for the effective six-body $He+target system.
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Compoesite particle observables Sp = <Po|ScSvlb,>

T =[db 11-Sp1* = {dbl1- <bIscSvld>|*

G = fablI-IspP'} = [db{1-[Kd, |55 162}
e s
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tostudy structure effect (hnl.q) on 0p
Breakup cross sechions: o shite Qg
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buk, using closure relabion (if one bound state )

Sa 1<) = 1= 184, ] 144
If >1 bound
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‘ Moreover —s; mple formulas for absarptive (harget excitahon) @'s

obs =T ~Tpu. = fdﬂle <¢ﬂ|1— |Sr.5v|1'¢n>
t,ufa!t excitehon

‘ IS\rlz(l' l5all) + IS:II("H\"‘) + (l'lsc'l)(l"sv'l)

V Survives C=sSurvives ¢ absorbed
C absorbed V absorbed vV obsorbed

f"——____-%—-s
00, = Sdb <¢ ||$¢|1{1-"I5u|:]'|¢,> ele. ete.

Cross sechon for stripping of V from projechile, beng
obsorbed by (excihing) h:lratl: C surviving I.—.he collision,

‘ NE: ‘F V’HtE MJ lSul-—i U..S":f"'o

Reloted expressions for differenhial cross sechons, ete.
not shown here.
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Reachon theory (for exohc muclei)

Synopsis: Lecture L

® new challenge: weskly bound systems : conhinuum
or breakup coupding

¢ direct reachons — excite munimally : single parhicle spect.
o few -body medels — effechve (nterachons ~complex

‘ o adicbahc approximahon — slow/small £ associsted
with intemal mohions

o eikonal feuwr-bedy model for projechile p

Sp(b) =<9, | Sc (bc)Sv(by) 14,

. ! observables




Use for nucleon knockout Meachons A only A-1 Fragment

A U A-1 do | detected.
A | , > dpy i\
é& Lﬁ"‘h P
hor “
(c, W:fhfu Po= (A=) MU
8 Ltahb I:er.hon g= j.d Py dU.
nF o ¥ -cowncidences dPy
o=L T()
awLfinal shates &

A-1 Fmﬂme.rll‘. from. (L) breakup = diffrachan dissociahén
(torg el:wl- (A-1) reman un §.5)

() nudm absorphion by target
(target E.Ku}u.hnn) —strippig
different final shabes: (of target —incoherent)

0 = Tgr + Tdie
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Structure information Removal of nucleon from Pa will
" leave remawnung A-1 =c=core in
B ’ E'dih q.ser exated state of A-1 shute .

| - m;;:‘ =2 £rue even Forexireme S.pP model

9% removed nucleon will have s.p.quantum
numbers £, ; 3 =445

Fz ] (!.‘..) <é,,r @a? - amplirude for B +14j un Ba
S‘ﬂ' |th([)' =C S(EJ) = Speckroscopic Fackor
Fay(€) = [Cs(43)] “dgi o) 5 Jarldg)]*1.

' :
model used, e.g. Woods -Saxon potenhal



Coluwlole. cross sechons for removal of nucleon wikh unut
single particle strength — the ¢;§ (£) — For m removal

. 1
o oti=srey | @3 @lla-SSPId)
= 2 g l(1- SSMMF 2)
MM’

and

1 .
o oiims [ 3 (g5l 1-IS ISP O

m-separothionenergy is S, = | Ea - Eel



Calculation of Partial Cross Sections for
Knockout to Individual Final States n/”in a
Direct Reaction Model

o(nl")=) CS(j,nI") 0,(j,B,)

o;p(j?Bn) = Oj;TIE(j?BH) T Oiﬁ%(j’Bﬂ)



Si mplest view poink 2304 '2C  F2MeV/u

{sy, (Sp= 2.3MeV)
Qd% {5”"—'* 5¢5M@v)

+
‘ Z%o S};li:! 5/;, (2.2a)
m S X
(Browsn) ag-9)

 Gsp(%s*)=64mb **0

Ty = 60(56Y) + 0(%%") = 202mb < 233(EH)mb
e RIKEN F2MeV/u

0020, s, 0°49) PrL g8 (02) w02
011(3"')) S = 3.5.
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TABLE 1. Calculated spectroscopic factors and
nucleon removal cross sections In the reactions

12C(230,220(I™))X ; ¥2MeV/nucleon
Energy (MeV) I™ £ C*°S osp (mb) o1n (mb)

Expt
0 07" 0 0.797 64.2 51.2 O
‘-5?' 3.38 2t 2 2130 22.8 48.6 = 3.19M¢
-,ﬁg 4.62 ot 0 0.115 32.0 3.7
go£] 483 3t 2 3.079 204 62.9 = u.57Me
?;Eg 5.392 1— 1 [0.851] 17.8 15. 2}
2ELY 593 0~ 1 [0.332] 16.9
W £ \6.50 ot 2 0.242 18.0
Sum: 191
L =—:ﬂ
vV e (233(3DMb)

e Browym e RIKEN
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FIG. 4. Longitudinal momentum spectra for 2’Si projectile
residues. (a) The (filled) open circles correspond to the
absence (presence) of coincident 7y rays in the Nal(Tl) array.
(b) Derived longitudinal momentum spectrum corresponding (O
the ground (filled) and excited (open) states in the projectile
residue 27Si obtained from Fig. 4a. The continuous and dashed
lines are the calculated longitudinal momentum distributions
for the s and d states, respectively. The widths are 93 and
248 MeV/c in the laboratory frame.
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. N= ?shdL;lcsure,

"Be(iutr N=%)

<P-rz — "Be (%), 320keV
Sy — "Be(%s'), 9.5

| le,ve.t Inversuon
- Novinetal. PRL 85 (2000), 266



FI1G. 2.
tions for ''Be residues in the ground (a) and excited (b) states.
The solid (dashed) curves are calculated for [ = 0 (1) neutron
(a) illustrates the line profile of

removal.
the spectrograph.
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Fig. 2. Spectrum of ¥ rays in coincidence with * Be fragments after
one-proton removal reactions of B in a carbon target. The spectrum
is obtained from the measured y spectrum after Doppler correction.
The solid line is a fit to the data with a Gaussian and a decaying
exponential,
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exclusive pj** distribution, considering only the core excited con-



Comparison of experimental and calculated spectroscopic factors for

reactions leading to individual final levels in the nuclei ''?Be, 1B,
151617,19C apd 262725P
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Twﬁ -neutron removel (2N removal more 3uuml,l3)

230 =» 21 (RiKeN ?ZHQ‘WE.&)$ 82(25) mb —ﬂar@e.
Strupping component (dominant)

 @an = fdb <SPS f1-15, PHI-Is: '} $)

1ncludes
simulbun.

i +seqenhal
+ ______ @,:,26 .'Zn?‘tmwal.
Q.2 (sd) = 0.9mb

T-2n (dd)= 0-6mb

Far all combunahans
= IST@d) + 6 T(sd) = 14mb !




| Shell model — p stren I 5 T et

T (p) Leaves 220 Pi’-&dﬁf'ﬁl;ﬁnn'fb un continuum —>2'0

two body potenhal (Vo= 4SMeV, Vis=10MeV)
SHQHEN) ﬁp Cmb)

‘. 234 ~ 64
6 MeV ~23
| 12.0 ~ 2
16.%¢ ~ 11
Cn(p)=27(Py) + 40 (Psp)
= 68mb

If {unit of p -strength ko bound %20 (shell model) !

| Cn(p) ® 5¥mb o 220 continuum
(+ 3t = 14-mb)
o (**02%0) =~ F1-82mb

. e e i



B_Q.uﬁm_! adiobahe (hlﬁh energy) approximahons

H’p _ —E, opprox treatment of
x—T18 breakup configurabons
i — | bubwithout explicit

g —— F—— =g, J referencato B
{(R+uR,0)-£ 19" R0 = EV* R
o :; e
* CHp) AL g%, 1A% (=€)

AD _ [,AD_ |,AD
{qi!i.—f.—___ﬂ- } less well
<bp | WYL >#0 | treated




N @uasi- adiobahc approximations f;mﬂi:i‘.
{® -u-uﬂ&-ﬂ%@.ﬂw

| Yo+ You = |

=& Adiob. @-Adieb

‘ gﬁ-l*bH’%P-EI‘QPbu = EE"'En'TE U:N‘ael.
‘ ~ [E+E,~Tr-UT Wi~
\.__———y————l"'
Source term

quess#i E = <¢:“||J« L D) /< PRIV

W
! compute WUIA® From inhomag. equation
T = <q:w|u,,| /< 1P

-

3uess #2

4+ (terate



Non - adiabahie. (etkonal - Like | trojectory based )
¢ time-dependent soluhon of Schrb'dtﬁser equahom for valence
(PRt P o 4 Bertschand Esbensen, Suzulke,

Typel and Baur, FURTHER,
‘ Hlde.le.zhn' k and Baye, BRIy
v Cantv, Donangelo +
‘ “'T - -%E T
NN e
| : | gec .
(ot 4P Gy Vs
ast> -0, Ple )=, as k>+0 Y2(c,T)

» notexact: no explicit treatment of dynamies of Vet and mo
energy transfer behueen core and internal () motion

if InghZ target - use caulomb brajechory




1 A
W (r0)== 2 wn(r,) Y (7). (4)

Im

This gives the following set of coupled equations,

. & & 1) .
‘ l EHE’”(r’I}_ m(“m"" 72 + Ul 9y, (7 1)
+ Cp, (7,0), HP('-) (3)

where m, is the neutron-core reduced mass. The last term 1is
the coupling generated by the neutron-target interaction,

Cim(r!r)= E <Ylm|UJII[IR(f)— EEI":['Ygrmr>H_grmr(F,f).
I"m'
(6)

|

" Solution usl'na Finte difference metnods or T,k 3r|'ds - 5:5 od
|



| no core absorpnon,
2
P_,=1-[(0|¥p|>. (8)
The one-neutron stripping probability is calculated from the
norm of the wave function after the collision according to

n-absorbed P (b)y=1—("¥ f‘ V. 9)

The diffraction dissociation probability 1s determined as the
norm of the continuum part of the wave function after the

collision. If the ground state is the only bound state, then the
continuum part of the wave function 1s

N emeryes, pro). not
n g.s.

’JIJ‘;E”"‘=IIFJ-— \0)(0\‘1’f). (10)
The diffraction norm 1s

Pdiff(b):C“FH‘Pﬁ_‘<G|q’f>‘2- (11)



Coupled channels methods Hn%ﬁ E,ﬁ,ﬂ

Generol: a.+A - 4. . @,
' —1
‘ Pa= XRB+XR) G+ | _ .y He,
{TatHy+ Vaa t ¥an= E'®a *
| q{lﬂ = E.LE{ é.l.. Q,TE @A

Ui de‘&duhaere.qun!-nén , ond overlapping with each &
L(E-€a)—Tr }Xi(R)= 32 <P 1Voa 197 (®)

o coupled differental equahons for X:(R)
e %A,(R) = &LE'E +mﬂ'3uin3 waves }
® .Xi. (R) = nui‘&ulha woves ff:#'ﬂJ

900 boundary
conditians



Basis canbe any cnmplel'e. set

LP(E,E = i ‘x (E)@ (r) {reducea hofinite

c.channels preblem

cnnhnuum may have resonances of Hp, useful ko base
b () on Hp — CDCC method

RI‘ k‘ l..ﬂ Ahh 2 éhl k hq.—l

A.(c) = JEY fh' Filk) Rk

! : He wmal\lts l‘.‘nnhnuum shates
un unresonant 1 2
AR: { {: s:'nS.(R)} N = j;‘:? itk

¢4."| )= {c:ns So FL(RE) + 586y (M)} Yy (F)....

Kewis: 7. 2 S <. 5
T G193 =5y, Ec<tilHplgd

resononk
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Coupled continuum channels HaHp , Vaa 2 U(R,E)
but CP,_"? ¢“E(‘.‘_)_, nFinite. in number, nfinike wn range

fE-g0-T PX®) = Jdk <& IURAIG X;(@)

‘ o infinite number of coupled systems
¢ continuum-continuum couplings <¢‘h’| U l¢|.> o problem.

o B> (L) - (eg.'%C, 153 0670, o= )

b (ko)) — (54 &, %, % %)
i} :- = =2
a\f__i_i__i., %ua,r)

Must go back o Homiltonan Hp ond use some discrete
basis of states

. (L) A
(put Wi '‘box’) g_d_!i’ I¢B>(¢!| ~ ;Z Iﬁ;)(&;[
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ﬂaher order effects — time spent within range. of hdal
FOF-'ES U(EJI)

Depends on both energy and interachon range
15 U(R,r) actonce ~"Born Apprnmimhbn“ 92 -—u-? ¢n

(F«wuudbgh‘ energy, shortrange < R b
inkecachins. m'fi: b“?‘ 23 9 P |UR,OIP,

hn'aherurdere.ffgcis of U(R,) ﬂ-—q‘) ¢h --u';)¢n/—l')l—- e

f.lnuenergg,lana ronge U, extended

‘ and Nealtts bound ﬂ.) \/CI’E \ U(E:fn ¢a>
‘continuum -conFnuum —< <¢!’ lU(E.S}I%"
couplings :

problem for h:ﬁher order caleulahions
B, of infinite range. — non-convergent couplings e

‘ ® s{m‘nlarb‘mh.hhﬁns nF C(andv)and & €
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FIG. 1. Convergence of the calculated laboratory-frame 'Be
cross section angular distribution following the breakup of B on
SN at 25.8 MeV as a function of the maximum proton-'Be rela-
tive energy included in the calculation.
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tion from Fig. 1. The solid curve includes g=3 multipole terms
while the dot-dashed curve includes both g=4 and /=4 effects.
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CDCC P, are called ‘bin states —normalisable discrete

excited stutes of Hp 1n continuum

Uncerl'ninl-_uj Erinc.iel g
Be=>f ..

‘ ¢ L) Small

(parhiculary for Coulomb forces)
ﬂona mnﬂe. e 3

9 4
Coup Lungs <¢' UR,r)] ¢>e.+c. fg N3 C+Pb
¢ ¢
Chan , AR mustbe chosen carefully b tes
—> convergence ? ~ 1He\¢' £

ar'nnx, -?-muu 3 ﬁh; ®
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Adiabahc — mon-eonal

[ +URD-ETVMR,) - EY (R0

Foreach Fixed £ can be solved exactly — W(R, () mon ~cenhral

coupled differenhal
equahons (notes)

but if in U(R,c), Vv = 0 (e.9. heovy esre, Coulomb case)

{Tr + Vet (Re) FP(RL)= EaP(R,C) | E,= EtEe

Recoul adiabatic mv+Me
Limik ' (Tg,_'i'vct (Rt.)) XE’(&) = on;)([\’r.)



} So fel(6) Frarn this G(RC) ?
fu(6) = <8/ (0)] Vet (R)| PR,

| e:i.".‘f L =e:*£-.'5 {(Re-x) E.id"s < X;%f.) ﬁff )

- {fd_rm(g)fe':“i'-‘:}<5'I\étl?(;’,>

extendéd ctv scattenng of compesite
335'”"“ bu Vet (€ paintliles.
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Recoil adiabahic solwtion (Ve =0)
feL(6) = F(a)fpe(6) {ExACT] } 1ncludes
Ls cale from Vet (Re) breakeup ®
dmamﬂg rrom Coulomb scattering f, = £,,(6)-£.(6)

g‘gmede'ﬂfﬂ = § - S : parhal wave S-matrix

e,lamenk. => exact solton of (adiabahc) 3- -body
problem with Coulomb Vet component

® Mo bin decomposthim , AR;, Rmox

® Mo .(’_-lgruncahén
‘ e mo radul truncahon, ete, ek,

® Should a.grcewﬂ:h CDcc calewlahan if
replace all ,g —> =&, 10 coupled equations

of cbce
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