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Direct reactions: examples

Textbook definition:

initial
state

final
state

short timescale, only a few relevant
degrees of freedom, retains
information from initial state

Charge exchange to IAS,
Danielewicz, NPA 958 (2017) 147.
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Direct reactions: general theory

- Observables are cross sections (angular distributions, energy distributions,
polarization observables, etc)

exact __ (_) (+)
- Cross sections are proportional to |T|? A =< X f | 4 ‘ \Ijz' >

N exact
Two traditional approaches:

Coordinate space (solve for wfn)

HVU =EVU, U(R-—o00)=(F+TH")

Momentum space (typically solve for tmatrix)

T=V+VGT, Gy=(E— Hy™*
T=V4+VG,T
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Direct reactions: Born series

. Tterate Lippman Schwinger Equation U=0¢+G)VV
U=0p+G)Vo+G)VG\V+ G VGVGV+ ...

2
T = hj];(< SV]|d >+ < VGV > + < [VGVG V] > +....)




L
Perturbative approaches based on Born series

- Make a choice on what part of the interaction is left out of the propagator

U = X1 + Gl%\P, Gl = (E — (T + ‘/1)>_1

- Iterate to retain only first (and second) term of the Born series
(V, should be weaker than V,)
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Direct reactions: a few d.o.f.

- Identify relevant channels and reduce many-body problem

. 1%gep)Be(1/2ty  Typical reductions:
""--‘,'__Deltuva, PRCY1, 024607 « two-body, three-body, four-body, etc

5 10 | ) )

s |  single-particle or cluster degrees of
= freedom

2 L « collective degrees of freedom

o ) —

(deformations, etc)
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Direct reactions: general remarks

1. Few nucleon reactions to direct reactions with nuclei:
Coulomb force much stronger and exact treatment needed!

2. Reactions not equal to resonances:
Non-resonant continuum critical for describing dynamics!

3. Direct reactions are sensitive to peripheral behaviour:
Asymptotics needs to be correct. Bound state bases don’t work!

4. Reactions are extremely sensitive to thresholds:
Q-value sets the overall magnitude for the process!
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Direct reactions: typical inputs

1. Q-values and separation energies: thresholds
2. Optical potentials
3. Overlap functions (one nucleon, two nucleon, alpha, etc)

4. Transition densities
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Faddeev Approach

3-body Hamiltonian:
H3b =1 ch Vvt Vct

Faddeev Eqgi* Qg
(E—T) — Vo) ¥V =y, (\lﬂ?\\e%@)

(E—Tr = Vipw® = ¥ S, o,

(1 2 ©)

(E— T3 — Vtc»)‘lf(i;&f@‘ , m(\lf“) + @)
(‘5\0 Often written in T-matrix form and in the momentum
@’5" space (AGS equations)

Transfer components are asymptotically separated:
v qul(,”) (rn)z,y,g") (R;;) + breakup; when R, — o0
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Continuum Discretized Coupled Channel Method

- Pick one Jacobi coordinate set for basis expansion

[H3, — ETv P, R) =0

1 )+ \! [ R R
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Continuum Discretized Coupled Channel Method

- Pick one Jacobi coordinate set for basis expansion

[H3, — ETv P, R) =0

Expand wfn in eigenstates of projectile’ s internal Hamiltonian:

Wi (r Ry = Y dp(r) v (Ry) + f dk i (r) Y (Ry)

p=1

Energy conservation
R k> h°K?
_|_

E —I— €0 = E —
o 2Mvc 2M(vc)t




Continuum States as basis

o Scattering state

m
—_—

|

|

|

———— Bound state

' V(r) [MeV]
8

o Energy/momentum: a continuous variable
o infinite number of energy states!!
o Continuum states oscillate and never die off for large R
o non-normalizable!!
Bad problems ®



Continuum Bins as basis

HLE average method k)

| ky—— lip(r) = k<r> dk
I k kp—l

I 03

1k

Y

E Ky analytic form if potential is zero and 1=0:

up(r) o sin(k,r)
r

o Discrete number of bins
o Normalizable — square integrable
o For non-overlaping continuum intervals, continuum bins are orthogonal

Can form a good basis!



Continuum Discretized Coupled Channel Method

CDCC 3-body wavefunction:

N
VEPECER) = ) dp®vpR) v
p=0 R
p = sjlc 1y (kp—1,kp)} c

Coupled channel equations:  (Hzp — E)¥“P“(r,R) = 0

[TR + Vpp(R) — EplYrp(R) + Y Vi (R) Y (R) = 0
P #p

Coupling potentials: Vpp/ (R) = (Qgp (M) Ui+ Ut |€1§p’(’”)>

Energies: = E—¢€ c b b
nergies E, = E—¢), €p = (Pp(r)|Hint|pp(T))



CDCC: there are many applications

208ph(15C, 14C+n)28Pb@68 MeV/u
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Faddeev versus CDCC for breakup
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Importance of closed channels! Ogata and Yoshida, PRC94, 051603(2016)
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Adiabatic methods: general

- Based on the separation of fast variable R and slow variable r

- Reductions of the CDCC equations assuming excitation energy of projectile
can be neglected

[Tr + €0 + Ut + Uny — Elpo(x) x0(R)
W = ¢o(r) xo(R) + )~ ¢i(r) xi(R)

=0 + Y [Tr + € + Uet + Uy — Elgi(®) xi(R) = 0

>0

€ —eo| K E

(T + Uet + Uy — (E — €0)) ¥ (x,R) =0

W(r,R) ~ W, R) =do® xR + Y ¢i(0)x*R)

>0
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Adiabatic method for A(d,p)B reactions

- The exact T-matrix simplifies for intermediate and heavy targets

Tjgad =< ¢nA X]g;}) |vnp + UpA — UpB| \P&+)(an’ ﬁd) >

14, =< P Xg(o_B) Vip] \pglﬂ(??npv Ed) >

Only need the exact deuteron incident wave in the range of Vnp!

Tiy ~< $na X;(Q_B) Vil 8 Xou (Fops Ra) >

— —

Uss(R) = Una(R) + Uya(R) Uij(R) = —=(0i|Vip(Una + Upal®;)
Adiabatic plus zero range Weinberg basis
[Johnson and Soper, Phys. Rev. C 1, 976(1970)] [Johnson and Tandy, NPA 235, 56(1974)]



Adiabatic methods: applications
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[FN, Deltuva, Hong, Phys. Rev. C 83, 034610 (2011) ]
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Adlabatlc versus CDCC

. ()IOOZr(dp)wer(Zsl/z)atSMeV (s, OlMeV)
10° E :
3 : TABLE II. Adiabatic factor S,p. The superscripts *1, %2, and *3
- 10" CDCC —— indicate the cases in which the AD approximation does not work. See
£ 102} CDCC-AD === | the text for details.
S sl ;
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FIG. 2. Angular distributions of the (d, p) cross sections calcu-
lated with CDCC (solid lines) and CDCC-AD (dashed lines) for (a)
'°°Zr(d,p)'°'Zr(2s|,2) at E; =5 MeV with §, = 0.1 MeV and (b)
Ca(d.p)" Ca(2sy2) at Es = 40 MeV with 5, = 8 MeV. [Chazono et al., PRC95, 064608 (2017)]
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Eikonal methods (semi-classical)

. Straight-line trajectories ~ W(R) = e®¢ (b, z) = !KeHx(B:2)

Z

Eikonal phases — phase accumulated x(b,2) =— V(b,z")dZ’

through the trajectory

hvp J_o0

10 MeV/nucleon -

| 25 MeV/nucIeon_;

10Be +1ZC

0 10 20 30 40
Oc.m. (degrees)

J.M. Brooke, J.S. Al-Khalili and J. A. Tostevin



Eikonal theory for composite projectiles
x(—b;) =37 x(b—by) di

S:(b;) = el Xi(bi)

- Glauber formula for composite projectiles (elastic) o8

iK .
ﬁi(g) =——12 0 ‘/-dzbelq'b/---/dl‘ldl‘z...dl’n_l
T

Or(ry, ...,y ) [S1(b1) ... Sp(by) — 11Pi(r, ... 1)

25 MeV/nucleon
ij' ....... e 1
& 10 S
S}
10° Nl 50 MeV/nucleon 4
107"
— Adiabatic (exact) :
102 - Eikonal phase shifts g |
—-—- EC phase shifts N
10_3 A 1 L 1 L 1 L
0 10 20 30 40

0c.m. (degrees)

J.M. Brooke, J.S. Al-Khalili and J. A. Tostevin



Eikonal methods applied to knockout

TABLE II. Experimental (o) and calculated (oy,) one-neutron
knockout cross sections to the lowest 3/2+ and 1/2* states in the mass
A residues. The oy, use the shell-model spectroscopic factors C2S
and their center-of-mass correction, (A pr;/ A,.)?, and the calculated
eikonal model single-particle cross sections osp. All cross sections
are in millibarns.

J: Amy Aws Op SDPEMU  SDPFU o,
C*Ss Oth C*S Oth

3/2F 36 35 142 307 460 261 392 29(6)
38 37 138 279 406 219 284 19(2)
40 39 133 231 324 1.69 199 142

1727 36 35 21,1 096 21.3 1.00 223 13(1)
38 37 207 080 17.5 097 195 10(1)
40 39 227" 053 126 072 141

“Experimental excitation energy not known. oy, is calculated with the
SDPF-MU shell model energy.

N

o
2/ NDF

0 05 1
Fraction f,,

10° Counts / bin
o =)
| L I FrorT I | L I | L I

c 1 1 1 I 1 1 1 T 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 \l 1
14.2 14.4 14.6 14.8 15 15.2
Parallel Momentum (GeV/c)

—
FoN

FIG. 2. (Color online) Momentum distribution of the ¥Si
residues produced in the ground state and any isomers following
one neutron knockout from *Si. The curves show a fit using a linear
combination of the calculated distributions for removal from the f7,,
and d3/2 orbits.

9Be(36Si, 35Si y) X

[Stroberg et al., PRC91, 041302 (2015)]



Time dependent methods ,

Our starting point time-dep Schrodinger Eq |
0
zha UG, b, r)=[Hy+ Vpr(t, r)] V™, b, r) N

The interaction is defined by

Vpr(t,r) =U: [R(D)] + Usr[R £(1)] —

ZpZre?
R()

Initial conditions
VPt - —00, b, r) = ¢o(r)

d P,
Probability of breakup is ) oy (™M WP — oo, b))’
obtained for each trajectory LjIM
: : DEA _ IKoZgy
Dynamical Eikonal Approx (DEA) Capel, Baye et al. VAR, r) =7 W(R, 1)
I V(Z,b,r)=
ppr 0Z

Coulomb Corrections! [(Ho — Eo) + Uesr(Re) + Uy (R )IV(Z, b. 1)
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Benchmark semi-classical methods

400

300
10° E

200

—
O
'S

doyy/dE (mb/MeV)

dopy/d€ (mb/rad)

103 =

15C on Pb at 68 MeV /nucleon

DEA method (with Coulomb correction) does well even below 50 MeV/u

Capel, Esbensen, Nunes, PRC (2011)
Data: Nakamura et al, PRC 79, 035805
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DEA application

- Showing the sensitivity to different interactions

12C(11Bg, 19Be+n) 12C E=67 MeV/u

0.06 I 1 1 L I I
. Exp. o

0.05 |- ,'/’,\j\ ATB+BG —— -
i~ /AN ATB+CK ——-
& 004 =T A\ RPP+BG ---- -
g T/ ‘
= 003 :
3
5 0.02

0.01

0 1 1 1 1 1 1
0 05 1 15 2 256 3 35
E (MeV)

FIG. 4. Theoretical and experimental breakup cross sections as a
function of the energy. The four curves correspond to the calcula-
tions performed with various combinations of the potentials of

[Capel et al., PRC70, 064605(2004)] Table III convoluted with energy resolution. Experimental data are
from Ref. [39].
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FIG. 2. Convergence FIG. 10. Comparison between the total eikonal cross section . E,, =38MeV |
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scattering state: comparis projection, dotted line) of *He breakup on 2%®Pb at 240 MeV/nucleon 0 30 60 90 120 150 180
Data from Ref. [23]. with the experimental data of Ref. [23]. 0, (deg)

FIG. 7. (Color online) Angular distribution of the elastic cross

section relative to Rutherford for the reaction *Be + 2®Pb at Ejp =

[Baye et al " PRC79’ 024607(2009) ] 60, 44, and 38 MeV. Dashed lines correspond to calculations including
the ground state only, and solid lines are the full CDCC calculations.

The experimental data are shown with circles (Wolliscroft 2004 [23])
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Faddeev with target excitation

- Deuteron induced excitation of 19Be

- Faddeev results incorporating collective

= 25 R T—
z . 10
5 10 —— S, =1.0MeV| -
35 -—- §,=5.0MeV| ] e e N R A R S B
& | a i
<o ' 0.9 — S, = 05MeV ]
"-'ﬁ}_ -— S =10MeV i
0.8
o 0.7+
0.6~
10'E U T I
o 25 25 50 75 ] 05
2 20f —S,=05MeV| -
a’ 15+ -— S, =1L0MeV 5 0.4 210
= 10_— (d) -—- Sn= 5.0 MeV -
o I 1
0 1 1
0 25 o ( dfeog) 75 FIG. 3. Spectroscopic factor ratio R, as a function of beam energy
c.m.

extracted from '"Be(d, p)''Be for various separation energies of the

FIG. 2. Angular distributions for '’Be(d,d)'°Be (ratio to Ruther- final nucleus (more details in the text).

ford) and '"Be(d,d")'°Be(2*) at (a), (b) 20 MeV and (c), (d) 80 MeV:

Faddeev predictions are obtained for various separation energies of Deltuva' et all| PRC94' 044613(20 16)

the final nucleus in the (d, p) transfer channel.



CDCC W|th core excitation

o Experlmental data
'9C+p @ 70 MeV/u — 5/27 XCDCC
— o'k -- 5/2, XCDCC
LN = - 5/2% XDWBA
E [ ST .- s, ,—d., DWBA s.p.
g ]
B 10°F E
RS R E
1 . . ) . ) . . ‘ N\,
10 15 30 45 60 75

FIG. 2. Angular distribution of the resonant breakup of '°C on
protons at 70 MeV /nucleon. The solid red line and the dashed
blue line correspond to the XCDCC calculation for the first and
the second 5/2* resonance of the P-AMD model [34] respectively.
The dotted dashed line corresponds to a XDWBA calculation for the
first 5/2% resonance. The dotted line corresponds to an inert-core
DWBA calculation where ground state and resonance are considered
to be pure 51,2 and ds; states respectively. Experimental data are from
Ref. [33].

Important of closed channels!

Our structure calculations, based on a particle-plus-core
model of '°C, predict two 5/2% low-lying resonances, but
none of them at the energy of the peak observed in [33].
Furthermore, the corresponding angular distributions are both
compatible with the shape and magnitude of the experimental
one, thus precluding an unambiguous identification of the
experimental peak with one or another. This result is un-
derstood as a consequence of the similar structure for the
two resonances. Both resonances are mainly based on the
first 2% state of the core. Therefore, it is clearly seen in
the present analysis that the dynamic excitation of the core
is the main mechanism responsible for the peak observed in
the breakup with protons. Moreover, we have shown that the
pure valence excitation mechanism, assuming a 25, — 1ds;,
single-particle transition, gives a negligible contribution here.
This is the first case where we have identified that the core
excitation mechanism dominates overwhelmingly.

Lay et al. PRC94, 021602(2016)



Uncertainties in reactions: (d,p) example

ADWA 90Zr(d,p)?°Zr at 24 MeV

T(dm) — <¢AnXp‘Vnp‘¢dX§d>

\ \
) )
Uij(R) = —(0i|Vip(Una + Upa|0;)
proton elastic data

(exit channel) neutron and proton elastic data
(entrance channel)
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Bayesian: transfer predictions

90Zr(d,p)?'Zr at 24 MeV

Lovell and Nunes, PRC (2018) accepted 100
16
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......... 50/:>
¢ o+ Data
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6 20
4 O
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Even with best elastic data, uncertainties
on cross sections from the optical
potential are too large!



L
Concluding remarks

- Good understanding of range of validity of the various formulations
- Challenges to incorporate more degrees of freedom:
4-body, core excitation, etc

- Uncertainty in the inputs

- We are starting to quantify uncertainties more rigorously and discovering
these need to be reduced

- Structure theory can help in providing predictions for some part of the
inputs, constraints to others and guidance on how to shape the fitting
protocols



Various reaction efforts we are involved with:

Faddeev in Coulomb basis with separable interactions (Hlophe, Lin, CE, AN, FN)
Properties of separable interactions (Quinonez, Hlophe, FN)

Inclusive (d,p) to continuum (Li, Potel, FN)

Uncertainty quantification in reactions (King, Wright, Catacororios, Lovell, FN)
Microscopic optical potential (Rotureau, FN, PD, GH, TP)

Thank you for your attention!

Supported by: NNSA-DOE, NSF



Microscopic optical potential
(Rotureau, FN, et al)

Reaction efforts at MSU
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