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COLLECTIVE MOTION &
BETA-DECAY IN TDHF



TIME-DEPENDENT HARTREE-
FOCK

Static HF

I

Time-dependent HF



EXPERIMENTAL THEORETICAL
PHYSICS

b=2fm

45 MeV

Virtual laboratory in which to perform experiments, subject to ass
particular interactions, and space restrictions
-> a kind of semiclassical picture (in collective coordinates)



TDHF CODE SKY3D

First published general-purpose nuclear TDHF /
TDDFT code

Computer Physics Communications 185, 2195 (2014)

Contents lists available at SciencelDirect

Computer Physics Communications

journal homepage: www.elsevier.com/locate/cpc

The TDHF code Sky3D*

J.A. Maruhn®*, P.-G. Reinhard®, P.D. Stevenson ¢, A.S. Umar*




SKYRME INTERACTION(S)

» T.H.R. Skyrme, Nucl. Phys. 9, 615 (1959)

It is generally believed that the most important part of the two-body
interaction can be represented by a contact potential, i.e. by constant
t(k’, k); this suggests an expansion in powers of k' and K. If this expansion
is stopped at the quadratic terms only a small number of undetermined
coefficients occur, and an attempt can be made to determine these by
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SKYRME AS EDF

> pyro,r'e) =) 6:(r,0,9)¢i(r,0,q),
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EDF consists of a series of
terms comprised of densities
or their derivatives.

. OIS DICA AR /A S EYCRT
Parameters determined by

fitting to data



RESPONSE FUNCTIONS IN TDHF

A typical use of TDHF Is to start with some external
perturbation and watch the response

Glant resonances are an historically well-studied example

RPA a more—used method to study GRs from mean-field++
approach

RPA formally small-amplitude limit to TDHF

RPA easy for easy cases, hard for hard cases. TDHF
about the same for all



TDHF IN PRACTICE FOR GR

Solve formal equation |ZONIGIENE LGRS N ONIGIERLY.

by starting from static HF solution and applying boost

hext (t) = f eVAONONE then evolve in time using operator

IREY N EPR AN \\e follow same F(r) as f" of time

and take its Fourier transform

S(E) =Y _IFI0)* §(E—E,)

which Is just the Strength Function 1
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ISOSPIN MIXING IN G(M)R

Can kick nucleus with one
kind of boost and measure
different kind of response;
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- Strength function
measures maitrix elements e e

- Learn about normal .
.. . Response to IV monopole kick
modes In Isospin sector using SkX

D. Almehed & P. D. Stevenson, J. Phys. G31, S1819 (2005)



STRUCTURE OF THE PYGMY
EXCITATION IN SE-/76

PM Goddard PD Stevenson

RS llieva
Phys. Rev. C 88, 064308 (2013)

Can be imaginative with external perturbation

polarized photon scattering at HIyS

New data = red triangles

Previous = blue circles, P. Carlos et
al., NPA258, 365 (1976)

GLO and SLO are two different
Lorentzian fits to the old data,
extrapolated back to low energy




IV DIPOLE RESPONSE
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1000 fm/c = 3x10%24t s =3 zs

Isovector dipole boost exp(ik.D)
applied to wave functions

nucleus then relaxes, and
osclillates

deformation gives different
oscillation along different axes

strength function given by
Fourier transform



Skl4

FORCE-DEPENDENCE

Sample of different Skyrme
Interactions give results which differ in
detall

no spreading width from higher-order
(beyond mean-field) effects

some structure comes from
deformation splitting (evident Iin
NRAPR), some from underling single-
particle structure

GDR region domintates dynamics

~ 10 15 20
Energy [MeV]




DRIVING THE NUCLEUS

As an alternative to the broadband instantaneous boost, can drive the

nucleus at a frequency corresponding to the energy of interest via
E=htf.

Meutron

- plots show time-derivative of
densities

- at "GDR" energy, clear IV
dipole behaviour seen

- when driven at the pygmy
peak, a more isoscalar mode is
seen, with a surface-core
character




PYGMY KICK

Rather than a normal dipole kick, can construct pygmy kick:

T — - Now the response is completely
& In the low energy region.

- See small “spherical” bump at
the 4-7 MeV region.

< - asymmetric behaviour around
" 12 MeV

- can we use such ideas to test

If B-decay a probe of neutron
skin?

S(E) [arb. units]

Neutron Proton




PROBE OF TRIAXIALITY

some Skyrme
parameterisations predict
static triaxial deformation
INn some nuclel - e.qg. SLy6
in 1880s

$=0.234
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(unlike the observed GDR _
J. A. Maruhn, P.-G. Reinhard, P. D. Stevenson, J.

SPECtrum!) Rikovska Stone and M. R. Strayer, Phys. Rev. C
71, 064328 (2005)



TENSOR FORCES & TIME-ODD
COMPONENTS

Eskyrme = / d’r i { Cflpo) s r'l + C; [po] s: + {:';ﬁ Ppelpe + C (peTe — J7)

r=0.1

%{ Jr':l:- -l._'

Tensor force contributes to s.laps, s.T, s.F & J% terms

It IS the sole contributor to the s.F term

time-odd terms will be important in 3-decay. TDHF rarely (if ever)
used for odd-mass nuclei.



TIME-ODD EFFECTS IN COLLECTIVE
MODES

Glant dipole resonance
in 2“Mg

details of dynamics lead
to differences in detall of
peak structure &
strengths at different
energies

S. Fracasso, E. B. Suckling and P. D. Stevenson, PRC 86, 044303 (2012)



160+160

SLy5 with tensor as in Colo et al, PLB646, 227 (2007)
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UPPER FUSION THRESHOLD

Force Barrier [MeV] Threshold [MeV]

SkM* (basic) 77
SkM* + full t_4 73
SLyS + full t,44 68
SLy5 + tensor 65
T12 60
T14 70
122 62
T24 71
T46 895

E. B. Suckling PhD thesis, Surrey (2011)




BETA-DECAY

External perturbation operator «rt+

cannot use linear response theory(?) — no way of
dealing strength of operator towards zero

In principle existing codes can deal with odd-N/Z nuclel,
but not e.g. with pairing.

Need to think about role of time-odd terms. Usually
iInclude only those constrained by Galilean invariance.
Other terms are unconstrained In fits.



SUMMARY

TDHF allows for a range of collective nuclear
phenomena to be explored

Role of effective interaction (can be) important

Initial boost given to nucleus can be made In creative
ways to study nature of collective motion

3-decay a challenge due to odd-mass, but should be
accessible in principle

Thanks: D. Almehed, C. I. Pardi, P. M. Goddard, S. Fracasso, E. Suckling (Surrey), J. A. Maruhn (Frankfurt), P.-G. Reinhard
(Erlangen), A. S. Umar (Vanderbilt), M. R. Strayer



OVERVIEW

I: Mean-field dynamics => TDHF

Il: Nuclear interaction input

llI: Typical kinds of collective motion
IV: Time-odd fields for (3-decay

VI: Summary

23



FUSION CROSS SECTION

Force bnaz (fm)
SkM* (full) 6.70
SLy5 (full) 6.65

SLy5 (tensor) 6.65 |
| | 2409 |
| 24.09 T
| 24.09 |
| 2427
| 24.27 |

6.65
6.65
6.65
6.70
6.70

Experiment [157]

1157 R. G. STOKSTAD, Y. EISEN, D. PELTE, U. SMILANSK?Y

Phys. Rev. Lett. 41, 465 (1978).

knas (78)
24.26 \

24.08 |

os (mb)

1388
1368
1368
1347
1347
1347
1366
1366

1075

7, and I. TSERRUYA.,

160 on 10 @ 34 MeV

E. B. Suckling PhD thesis, Surrey (2011
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MY ABSTRACT

Mean-field dynamics for giant resonances and fusion reactions
Dr Paul Stevenson, University of Surrey, UK

The energy density functional view of nuclei provides a good
description of ground state properites and is linked to the underlying
nuclear interactions via the Hartree-Fock (HF) approximation. The
extension of HF to dynamical processes via the time-depdendent HF
approach allows description of collective nuclear behaviour, including
giant resonances and collisions.

We present a survey of some recent results with time-dependent
approaches; Various properties of giant-resnonace-like modes are
explored, including low-lying dipole strength in Se-76 [1], in which a
non-multipole excitation is used to pick out "pygmy" strength; Some
technical advances leading to a true continuum theory [2]; Results
in giant resonances and fusion from exploring tensor terms in the
nuclear interaction [3,4].

Some details of a newly-published code allowing such calculations to
be performed will also be presented [5]

[1] P. M. Goddard et al., Phys. Rev. C 88, 064308 (2013)

[2] C. |. Pardi and P. D. Stevenson, Phys. Rev. C. 87, 014330 (2013)

[3] S. Fracasso, P. D. Stevenson and E. B. Suckling, Phys. Rev. C 86, 044303 (2012)

[4] P. D. Stevenson, Sara Fracasso and E. B. Suckling, J. Phys. Conf. Ser. 381, 012105 (2012)

[5] J. A. Maruhn, P.-G. Reinhard, P. D. Stevenson and A. S. Umar, accepted for publication in Computer



LaBLE |

fEn in frn ' and tbe dimensionk

SAturanian prog

Dol

Woude

Sl

BSk1 | 160]
BEk2 [161]
BEK2Y [161]
BEk3 [162]
BSkd [163]
BSkS [163]
BSkf [163]
BEET [163]
BSEH [ 164]
BEEY | 165]
BEE 10| [66]
BSKL1 | [66]
BRI | 1G]
BSK1X | [66]
B5k14 [167]
Bak1% [164]
BEkin [ 169
BAKIT [170]
BAkIS [52)]
BAk 15[ 130
BSE20 [ | 0]
BSk21 [ 130
E[I171]
E=[171]
i
i |
fo [ 153]
FFLyvom [172]
(s |171]
51154
(352 [154]
(353 [154]
G5 154
i]

]

G55 |15
Ciilr | 1540
Ciskl |51
ikl |51
kLM [ 173
.".I Il .I
KD 1 [173]
LNS [118]
WSk [174]
MSK2 [174]
WSk [174]
WSk [174]

MSkS [174]
MSkS" [119)
M3k [174]
MSKT [175]

MSKR [175]
WSS [175]
MSkA [ 176]
MSLAN [ 1400 ]
NMREAPE [177]
FRC45 [178]

1, | elh
158
155
163
163
152
1632
162
{158
{1 54
{h | 54
{0 1 54
15K
.15k
{54
O e
i | 54
1154
i 1A]
1 1h5
.17
|57
|57
157
i, |57
{157
i, | 56
157
157
157
157
153
IRECH
161
{145

RATE 179
B [171]
SefmiaE [ 1R
Sefrmld T4 | 18
SefmlE] | 15
Sefmi® [1RO
Sefml |12
SGLTI=ED
SGH1E]
SCON[IRT
SOOI [ 082

s1[27]
sz
S| 1RA

SH° [1s4)
SV [183]
Sk [185]
SK 235 [
SK2T2 6]
ShA 186
Ska23=20 18
Skaidsl5 (18
Skads=N 18
Skadiss25 [ 18
Skad5z20 [ 18
SkB [156]
Skl 188
SkI2 [ 188
SkI3 188
SkI4 [1RE
SkIS [1EE
Skl [ 159
SkM [122]
Sk i
SkM 14
SEMP [ 192]
SR I
SELY | 1495
skl 14
ahbA I3
SkS1 194
S5 (196
SkS3 [196
Sk52 196
SKECI 19
SkSC2 19
SkSCI[19
SkRCA [ 198
SkSC20 [ 1599]
SkSCS [ 200
SkSRCH [ 200
SkSCT0 |20
SkSCTL [201]
SkSCT4 199
SkSCTS [ 1949
SkSEI [ 1149]
SkT
SKTIL [113]

[N E]
0,155
LI, Al
(IR EiTn]
L, il
0. 161
0. 161
0.154
155
[N Ei ]
o, 1=
0155
145
0145
[RE ]
150
135
L1sy
15
153
L, 1o
0,155
i, 15%
i, 15%
i1, 156
i, 155
i1, 16
i, 155
1558
0. 160
0. 156
0159
0. 160
[N EiTn]
[IRET
0157
[ EiTE]
[IREith]
[N EiR]
i 15q
[RIEY
(INIES
(IMIEE
[N Ei%]
(AMEi:
[INES
L,
LI,
LI,
LI, sl
L, il

LI bl
[INEY ]
0.6l
0162
0145
0. 161

SETZ2[113]
BETI[113]
BET4113]
BETS[113]
BETA[113]
BETT[113]
EET=E[113]
RET9[113]
BETI |113]
BET |113]
BETLa | 15
SETZa | 15
BET3a | 150
Sk Teka | 150
Sk 5a | 150
Sk Tan [ 150]
SETVa [ 150]
SETSa [ 150]
SETSa [ 150]
SkTE [23]
SEX 204
SkXce |
SKXm [204]
Skxs13 [M5)
Skxs20 [25]
Skus2S [M5)
Bkz-1 |128]
Skalb [ 135]

Bk=xl |125]

Bkx1 |128]

Rz |128]

Bkxd |128]

Sl | 20]

vl |204]

Sl |
Sy 2 Mk |45
SLa2Mb [45]
sllyd |2
Sy |2

)1 |

5]

SLys [2
St 2
SLv? 2
SLvA [206
B [20]

ALvin[27]

SOMC] [ 156]
BOMC2 [ 156]
BOMCE [ 156]

BOMOGS0 15

ROMCHE 157
ROQMCYS 157
B8k [51]

AR
EWebas [ |
EVemin [
EVI[183]
EVIL[1%4]

Al
Al

64
6l
&l
&l
ah
142
14
&l
&l
&l
L
M LT
A6l
A6l
il
[Ci1h]
[l
155
£
|55
[ [1])
[
1]
LAl
Sl
L]
L]
ah
ah
ah
RLiN
&l
RLiK
MLk
ALk
NN
A&l
L)
Mt
[ Ci1h]
1al

{[]]

71
A7
6l
155
WL N

Mlesdel

EAE

Y
gy
g%

KXIE[115]
X236 [115]
K240 [115]
kapH1 [ 115]

S¥ekapllZ [115]
S¥ekaplia [ 115]
S%emasD7 115
SVomuasly 115
%o I 1 15
EWeaymli [ 115]
SWeaym3I [115]
SW-aymdd [ 115]
Wl 115]

11 [152]
r12[152]
r13[152]
T4 [152]
ris[152]
Il [152]
20 [152]
T22[152]
'I'.'h'|||."h|
T4 [152]
T25[152]
T2 [152]
T3l [152]
T32[152]
T3 [152]
T34 [152]
T35 [152]
T3k [152]
T41 [152]
Td2 [152]
Td3 152
T4 [152]
r4% |152]
I46 |152]
Is1[152]
52 [152]
r53[152]
P34 [132]
rs4 [152]
Ta6[152]
al [152]

Ta2 [152]

Ta [1532]
T4 [152]

T3

[152]

TG [152]
sl JH [ HE

wiITS [HIE
v} [ 2008
w1} [ HIE
w 0K} [ IR
w05 [
w1 L [2E

L1171

D a et al, PR ( ( 0
TABLE I, {Cawrininesd )
L [ I i e fe ! f [ - [ Ko
FRI1a|175] Q173 16,95 0874 [ R4 576 471 A= 103.34 0®, 56 1.0
FRIR[ITE] 175 1.9 i0H. 74 | &tp b 18,50 V62 471 Ak 103,34 2.6 1.0}
FRI1c[17%] 173 1.9 A0H. 74 | &dp bl .50 T30 471 A% 103,34 S15. T 1.0}
FEIa [17%] 173 .9 12478 154494 162 =1 36 19730 47405 49 g 1M}
FRIR[1TH] 173 1590 12478 154494 11495 5139 19730 47408 11%.22 1M}
FRIc [17E] 173 15940 i 184494 X143 4493 1719 47448 AT0L53 1.HY
FR3a [ 17%] (175 I 19870 47545 | 38 46 50442 I71.k9 Tial Al 1547 64 1.HY
FR3b[1TH] 175 1699 19579 175465 1 HkAG IZR 41 2T1.H9 Tl A 1131.0d 1M}
FR3c [17H] 175 1699 19579 175465 2.7 21566 2T71.H9 Tl Akl 5. 06 1KY
Za171] 163 1588 23333 IGHUS bl i 3= 0143 HEIANS 271.61 (L7H
i |17 162 15596 2AET A G IH.kD 1.53 132 bl T25.10 A12.5H 77
{161 13,93 235,66 244 27.18 20M T 462491 32376 )
1651 16,1001 23001 6574 3 19,46 10187 A8, 0H 2688 0T
161 165,01 230,01 ELL AN 3 46,58 101874 488 50 12663 0,70
161 165,01 230,01 I64TR 3 49,43 1118 (WA 48757 12660 070
1131 1344 23U Rl o X b J2AE) 44, 44 10812 4HE 15 126,97 {1, Tl
{16 i6,01 230,01 365,32 33 449,65 10749 483,85 605 0N
il 16,001 230,01 ER 32 44,45 101874 487,24 68T 0w
il 16,003 230,01 i 40 i) 49,77 10803 481,25 12737 0
il 16,002 230,01 65,93 2,00 49,57 101850 485,74 3274 0,7
Il 16,01 230,01 65 61 32,00 49,540 10827 453,55 12697 0,70
161 16,01 230,01 6537 320 49,55 107,22 484000 12704 0,7
i1 13,54 230,01 i6d 24 el o 49,132 12 441 85 126,06 0,70
13} 15,65 23001 A6 AR 3206 428, Th 10k 495 62 125 64 0,7
161 16002 230,01 A6 2R Ll o 49,75 1081} 451 52 12727 0.7
161 16005 230,01 6430 ) o 501,28 104 47857 12780 0.7
161 1602 230.01 16610 3200 49,686 1008 454 BR 12713 }
1] 1602 23001 iGh 2R 3200} S0, 140 1M B | 450.71 127480
151 16060 0.0l 64 84 32000 49 54 107 _K! 48705 12674
151 1554 23001 36451 3200} 49.05 1 Ok 491 .55 12620
162 1600 X0l AGH_ 36 32000 S0 10t 17367 AZHR0
162 1605 20l aH.k 32000 0.7 10551 173138 AZH.59 }
162 16 23001 6T 3R 32400 50.57 105 66 17523 32H.31 .
1151 16452 23001 I65 4] iz 5003 L ] 1H1.62 12T A5 0.7
1151 16402 23001 Ao 10 ALAE) 14,66 10k 24 45475 12716 0Tk
1651 16501 23001 16475 330 19,93 10 50 48425 27400 0T
1652 165005 23001 6705 330 0150 101552 471,55 O S T |
161 145,03 23001 6807 LR S0l 68 1015 54 471,55 I2RES 0T
161 165,002 23001 21 LR 01013 10 0 451,50 I2TE00 0 0T
iGi 165,005 230,01 673 33 30,27 T 478,11 IXTE5 0 0N
{161 165,005 230,01 B 32 01,24 105 40 475,02 IFTEY O
{161 16,001 230,01 6520 32 301,13 10 1% 481,83 32734 0.7
162 16,007 230,01 6876 2.0 501,74 111556 471.67 e85 07l
162 16,07 230,01 G801 2,00 01,33 10724 475 46 849 071
162 116,008 230,01 6830 2.0 31,07 101436 465,72 2000 0,70
i62 16,03 230,01 67 el i 501,44 105 63 476,75 12808 0,70
162 1.4 230,01 16737 320w 51,50 101540 475,582 12835 0,7
[[§] 16002 23001 A6k 3200 501, 6) 1015 496 479 15 127,72 01, 7o}
157 15,78 230,949 18441 27,58 §,45 6113 391,72 146,201 5
157 1580} 231,29 185.51 2E.00) 03l 41 K8 FRT.AT 1452 A5
157 15.79 230117 RS20 2E.A0) 2,23 12561 ot ] 135.29 05
157 153.79 23117 AR5 26 RN 5.0 0426 034G 12610 .05
157 15.79 231.17 AR5 26 RN 573 15159 SHE.IS ) £ e .05
157 15.79 3117 IES 26 R0 T.0H 2E4.51 ] L.ES 1150 1.05
157 15.79 23117 IE5 26 2E.000) T7.51 2TH6T ] T B e .05
154 15497 330340 G s 2682 19. Tk (57T K5 195,34 Jabdd 0.54



NUCLEAR MATTER

Nuclear matter is ideal testing ground for in-medium interactions
(mean field) wave functions can be written down
nuclear matter properties correlate strongly with giant resonances:

Ko, K; from GMR
UNEDFI1
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ms* from GOQR

myv* from GDR
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+ asymmetry form many IV modes

Kortelainen et al, PRC85, 024304 (2012)



NEUTRON STARS

Glant resonances are of
Interest to compact star
astrophysicists

Strong correlations
between GDR and S(p).
Nuclear EoS Is key Input
to neutron star
calculations

Plot from J. Lattimer, Annu. Rev. Nucl. Part. Sci. 62,
485 (2012) based on work of L. Trippa, G. Colo and
E. Vigezzi, Phys. Rev. C 77, 061304(R) (2008)




NUCLEAR INTERACTIONS

C  Koebschall ef al.
& Frosch et al.
*  Walcher

- Hiyama et al. Despite the talk title, |

— A‘u-'lE+L11h :

o NN+ won'’t cover nuclear
Interactions in their full

glory - but giant

resonances are now

within reach of some

ab initio approaches
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Theoretical and experimental transition form factors, from Sonia Bacca, Nir Barnea, Winfried
Leidemann and Giuseppina Orlandini, Phys. Rev. Lett. 110, 042503 (2013)
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