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‘ Radioactive lon Beam Coulex

@ Advent of Radioactive lon Beams (RIBs) leads to exciting new physics.

@ Coulex has large cross-sections and sensitive to key nuclear-structure info!
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Miniball Coulex set-up

@ Particle detector at forward lab.
angles, focused on cross-section.
> Inverse kinematics!

&) Recoil information gives more
backwards c.0.m angles.

@ Rutherford normalisation becomes
extremely sensitive to angle.

@ Downscaling, p-y efficiency, etc.
causes further problems.

@ Solution, normalise to target!
> All conditions identical

> Only Doppler correction changed

N. Warr et al., EPJ 49 (2013) 3




‘ GOsSIA2 — Target normalisation

&) Stable target species pdN 4
> Known matrix elements Ny=1L- 1 . btffy(Et)epartUt
> Therefore, known cross-section t

@ Usually choose low XS target (t) pdNA
> Clean y-ray spectrum NP =L- A, ' bpe’Y(Ep)epartap
> Low detector rates
@ Can be used to get absolute XS of
projectile (p) in relative measurement
&) Removes systematic effects: ( )
Np  bpey(Ep)oy

> Target thickness

> Particle-y efficiency Nt o bt 6,7 (Et ) Ut

> Beam intensity
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‘ GOsSIA2 — Target normalisation

&) Stable target species

® 555D pdN 4
> Known matrix elements Nt =L - . btffy(Et)fparta't
> Therefore, known cross-section At

@ Usually choose low XS target (t) pdNA
> Clean y-ray spectrum NP =L- A, ' bPE’Y(Ep)epartop

> Low detector rates

@ Can be used to get absolute XS of
projectile (p) in relative measurement

@ Removes systematic effects:

> Target thickness
> Particle-y efficiency

> Beam intensity

Knowns
Unknowns




‘ GOsSIA2 — Target normalisation

&) Stable target species

@ get sp pdN 4
> Known matrix elements Ny=1L- . btffy(Et)fparta't
> Therefore, known cross-section At

@ Usually choose low XS target (t) ,OdNA
> Clean y-ray spectrum NP =L- A, ' bpe’Y(Ep)epartap

> Low detector rates

@ Can be used to get absolute XS of
projectile (p) in relative measurement

@ Removes systematic effects:

> Target thickness
> Particle-y efficiency

> Beam intensity

Knowns
“Knowns” have errors too! Unknowns




Cross-section = B(E2)?

@GOSIAZ: Fit target excitation as normalisation:

%2 10

> Standard OP,MINI gives best fit, but OP,ERRO neglects target system
> %2 scan of transitional matrix element in projectile
> Sum of total x? from target and from projectile systems

> 10 error from x%+1 method (can be discussed!)
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Cross-section = B(E2)?

@GOSIAZ: Fit target excitation as normalisation:

%R 10

> Standard OP,MINI gives best fit, but OP,ERRO neglects target system
> %2 scan of transitional matrix element in projectile
> Sum of total x? from target and from projectile systems

> 10 error from x2+1 method (can be discussed!)

<0*|[E2][2*>=0.308"0%%7; 35

Illlll|

T

lllllll

1 I 1
038 0.4 042 /
<0"||E2||2"> [eb] ‘g “.‘i

or

III
.28 0. 0.32 0.34 0.36

_o-l
N_
NE
o
N
AL
Y=
oL




B(E2) vs. Q_(2)

|
&) Famous REX-ISOLDE case of o ]
0Se - Measured Q_(2* 800 - 70 -
Q,(2%) i Se Heese et al. T = 1.5(3) ps |
-7 Z. Phys. A 325, 45 (1986
E 700 ys (1986) _
&) Strong correlation with 2nd s - Original B(E2) |
order processes (i.e. - ' =
reorientation) t <00 Hurst et al., |
" \ PRL 98, 072501 ‘
& - NoT B (2007) 1
. . = 400} New B(E
@ Coulex is sensitive to Q (2*,) & B ( 2)\
> Good - yes. 300 - J. Ljungvall et al.,
> Bad —yes. - PRL 100, 102502 (2008)
200 1 l L l 1 l 1 l L l 1 l L l 1

-80 -60 -40 -20 0 20
QS(QT) (efm")

8(
@ One Coulex cross-section
measurement...

> Normalise to target

> Fit still unconstrained!




‘ v2 surface analysis — °’Fe

x>+1 cut
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‘ v2 surface analysis — °’Fe

x>+1 cut

= 06 o
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‘ v2 surface analysis — °’Fe

x>+1 cut
= 06
Q, r T,e = 7.7(7) ps; <0*| |E2| | |2*>=0.320(14) eb
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‘ v2 surface analysis — °’Fe

x>+1 cut

0.6
T, =7.7(7) ps; <0*| |[E2| | |2*> = 0.320(14) eb
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‘ v2 surface analysis — °’Fe

x>+1 cut
= 06 o
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v2 surface analysis — °’Fe

g
&) Using 2 + 1 method to cut S
the 1o surface... w
N
2
@ Coulex alone gives no S
contraint to fit...
> One y-ray yield
> Two parameters
@ Add lifetime information to %
contstrain fit and extractQ, —~
@\
ﬁ
ol
@ More Coulex data is better! .

> Angular ranges
> Different targets
> Beam energies

https://github.com/Ipgaff/chisqsurface
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chisgsurface

cach file required for | I L L

projectile and for target.

AX_yyy.inp OP,MINI Main input file

,, AX_yyy.MAP.inp OP,MAP Run once

@ AX = e.g. ®2Fe for proj.

109 AX_yyy.INTLinp OP,INTI Run each step (proj.)
Ag for targ. Run once (targ.)

AX_yyy.bst Fitted matrix Called & updated by

@ YYY = comment/identifier elements GOSIA2
AX_yyy.bst.lit Literature matrix Called to re-initialise

@ Extensions are hardcoded elements values at each step
AX_yyy.yld OP,CORR y-ray yields!

%49k




chisgsurface

cach file required for | I L L

projectile and for target.

AX_yyy.inp OP,MINI Main input file

,, AX_yyy.MAP.inp OP,MAP Run once

@ AX = e.g. ®2Fe for proj.

109 AX_yyy.INTLinp OP,INTI Run each step (proj.)
Ag for targ. Run once (targ.)

AX_yyy.bst Fitted matrix Called & updated by

@ YYY = comment/identifier elements GOSIA2
AX_yyy.bst.lit Literature matrix Called to re-initialise

@ Extensions are hardcoded elements values at each step
AX_yyy.yld OP,CORR y-ray yields!

Target OP,MINI =  FULL!!

Projectile OP,MINI = 2 calculator

OP,REST
0,0
0P ,MINI
2100,10, .0001, .0001,1.1,1,10,1,1,0.0001

OP ,MINI

OP,REST
0,0
OP ,MINI
2100,2,99999999. ,.0001,1.1,1,10,1,1,0.0001

2100,10, .0001, .0001,1.1,1,10,1,1,0.0001
OP,EXIT

OP,EXIT
1%9%1dc




chisgsurface

cach file required for | I L L

projectile and for target.

AX_yyy.inp OP,MINI Main input file
p AX_yyy.MAP.inp OP,MAP Run once
@ AX = e.g. 92Fe for proj. _
109 AX_yyy.INTLinp OP,INTI Run each step (proj.)
Ag for targ. Run once (targ.)
AX_yyy.bst Fitted matrix Called & updated by
@ YYYy = comment/identifier elements GOSIA2
AX_yyy.bst.lit Literature matrix Called to re-initialise
&) Extensions are hardcoded elements values at each step
AX_yyy.yld OP,CORR y-ray yields!

Usage:
chisqgsurface <in_proj> <in_targ> <Ndata proj=3> <Ndata targ=3> <low TME=0.1>
<upp_TME=2.5> <Nsteps TME=51> <low DME=0.0> <upp DME=0.0> <Nsteps DME=1>

where <Ndata proj=3> and <Ndata targ=5> are the number of data
for the projectile and target, respectively. This includes the
sum of all g-ray yields, matrix elements, lifetimes, etc.




Real-life examples

311 204Rn on 109Ag

@ Target excitation
> Known matrix elements!

Counts per 2 keV
3]
S
S

@ Projectile excitation 100
> Single-step dominated
> What about two-steps?
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Real-life examples

: 463 keV F 202Pg on 104Pd
800:— 2*=>0* 1%F)O 400__
> b > 556 keV
fsoo: 196PO on 104Pd §300— 230+ 104pg
-§4oo— £
3 I 556 keV 3
200— 2+=>0* 104pP( 677 keV
- 2*>0* 202Pg
o- - ' e 2 aa
0500400600500 400012601400 1600 18003000 0500400 "600"500—1000 1200 140018001800 3000
Energy [keV] Energy [keV]

311 204Rn on 109Ag

@ Target excitation
> Known matrix elements!

Counts per 2 keV
3]
S
S
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@ Projectile excitation 100 e
> Single-step dominated 50
> What about two-steps? .
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Angular ranges — 2%“Rn

&) Five different angular ranges are selected

> Based on segmentation of Miniball CD detector

@ Increasing c.0.m angle leads to increasing Q (2*,) sensitivity

> Gradient of 2 surface cut gets steeper

_ 180 5.7
E 4
& 5.6
2160
= 5.5
N 140 [ 5.4
o F 5.3
120~ 5.2
S r 5.1
100 - '
- —15.0
R0 [ —4.9
n —4.8
s b by e by b b by
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200,202pg — Egasy!

&) If only 2*, state populated
> Extract <0* | |E2||2*>and <2* | |E2]||2*>

> x? surface to look for best solution

> Example: 2°°Po on 104pd

200pp on 104pd

2+ 1392
4+ 1277 —
ot 1137
2+ 666
t = 3.27(10)
0f ¢y O

(27 ||E2[27) [eb]
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200,202pg — Easy!

= 13F 1.8
= E R = 7.9 .
Too125 min 1.7
= : <0*,|[E2]|2*,> =1.06(15) eb
& 1.2}'"'%7-5 ______ .\ .\ |18
= LTI <2* ||E2]|2*;>=-0.7(13) eb .
S 15 '
14 E o <o
- l —{1.3
1.05 '
- : —1.2
T
0.95;—____5_ 1
oo ! : 09
0.85- |2' - '-1|.5l S '-01.5' - B
(27| [E2]]2]) [eb]
Isotope Ey (2] — 07) (07 I1E2|[27) (27 |IE2][27)
[keV] leb] leb]
202pg 677.2(2) 1.06(13) —0.7(15
200pg 665.9(1) 1.03(3) 0.1(2)
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200,202po — Easy!

= 13F 1.8
2 X = 7.9 I
+~ 125 ! min 1.7
% S <0* | |E2]|2*,>=1.06(15) eb 6
M 1.2 i N _ '
2 2R |E2]]2*,> =-0.7(13) eb y
< 115 !
- ! 14
1.1
1.3
1.05
- 1.2
1=
0.952—_ ________________________________
oof E
vasbe . o . SR ' -, Factor ~3-5 on
- - . : B(E2) error
27 [E2/j2}) [eb (E2)
Isotope E, (2] = 0)) (07 | E2[[27) 27 || E2][27)
[keV] leb] leb]
202p, 677.2(2) 1.06(13 —0.7(13
200pg 665.9(1) 1.03(3) 0.1(2)
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196pg — Not so easy!

6" 1390 1388 4+
4+ 891 859 o+
196 104 I /
> 2+ 653 y
2 10° — 196 po 4t — 27 196po 2t s 0F 859 /
- = 1 7Y
s F . 128keV | EFO2 Lg, (5/.58)
3 ~ Po Xrays 196p, a2t — 2F Ot N
P g [ e/ ,
o)
-§ 107 =
z r 196pg 24 — 0F
~ 859 ij
10 =
1
1 1 1 | 1 1 1 | 1 1 1 ‘ { |&|| kN| l { “ ‘ H ‘ ‘ ‘
0 200 400 600 800 1000

Energy [keV]
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‘ GOosSIA-GOoSIA2 method

GOSIAZ2; first approximation N
T : T ., B
e of |
OT_W_!"‘. ...... (OT“EQHQ_I.-)

%49k

M. Zielinska, et al, EPJIA 52, 99 (2016).




‘ GOosSIA-GOoSIA2 method

GOSIAZ2; first approximation N
T : T ., B
e of |
OT_W_!"‘. ...... (OT“EQHQ_I.-)

Cij
standard GOSIA; target >——>

%49k

M. Zielinska, et al, EPJIA 52, 99 (2016).




‘ GOosSIA-GOoSIA2 method

GOSIA2; first approximation N
T " I e o
"""‘n_ru_QQ .-. j n'v "

0y . /.. (07 IE2(|27)

Y

Cij
standard GOSIA; target>——> standard GoOSIA; full minimisation

%49k

M. Zielinska, et al, EPJIA 52, 99 (2016).




‘ GOosSIA-GOoSIA2 method

Cij
standard GOSIA; target>——>

M. Zielinska, et al, EPJIA 52, 99 (2016).

GOSIA2; first approximation N
47 . .
T ~ oK

0y . /.. (07 IE2(|27)

Y

standard GosI1A; full minimisation

best-fit
matrix elements

Y
4 GOsIA2; MEs fixed ‘
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‘ GOosSIA-GOoSIA2 method

GOSIA2; first approximation N
T " I e o
"""‘n_ru_QQ .-. j n'v "

0y . /.. (07 IE2(|27)

& !
‘standard GOSIA; target>——> standard GoOSIA; full minimisation

best-fit
matrix elements

o
| converged?

YES |

. Y
07 || E2]|2;

(07 | E2]| ¥> ,[ GOosI1A2; MEs fixed ‘
(27 |1 E2]127)

%49k
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M. Zielinska, et al, EPJIA 52, 99 (2016).




‘ GOosSIA-GOoSIA2 method

GOSIA2; first approximation N
T " I e o
"""‘n_ru_QQ .-. j n'v "

0y . /.. (07 IE2(|27)

& !
‘standard GOSIA; target>——> standard GoOSIA; full minimisation

best-fit
NO l matrix elements
+ Y
07 || E2]|27
|converged? Lt (07 || 2| 1,> |[ cosIA2; MEs fixed ‘
| (27 |1 E2||27)
YES
sanl
» final solution! | ‘g"‘_‘i

M. Zielinska, et al, EPJIA 52, 99 (2016).




‘ GOosSIA-GOoSIA2 method

GOSIA2; first approximation N
T " I e o
"""‘n_ru_QQ .-. j n'v "

0y . /.. (07 IE2(|27)

Ci; Y
standard GosIA; full minimisation

standard GOSIA; target

N
+ +
(07 || E2]|27") I T best-fit

matrix elements

NO|

0 || E2||2F Y
|converged? Lt (07 || 2| 1,> |[ cosIA2; MEs fixed ‘
| (27 |1 E2||27)
YES
tonl
» final solution! | ‘g"‘_‘i

M. Zielinska, et al, EPJIA 52, 99 (2016).




‘ 198pg — Precision & consistency

@ Comparisons to BMF shown
@ Transitions extracted with good precision

4 2104

2+

@ Some contribute only to uncertainty
@ Must still be included in final fit/error calc.

0+
4* 1158 2"
I 1039 2
goog -
816 L
2 | eosf [ [
o* 1 0 o 0"
Experiment BMF

J.M. Yao, M. Bender, P-H. Heenen PRC 87, 034322 (2013)



GOosSIA-GOSIA2 method

@ Key things to remember:

vV

A\

vV

vV

A\

Y VY

Yields of normalisation transitions to include any additional uncertainties
Relative efficiency uncertainty included for each transition

Fix the relative normalisation (C,.j) of each EXPT using GOsIA2 values

Extract these from a GoslA fit of the target data > perfect fit?
GosIA normalisation should be adjusted to reproduce GOSIA2 result

“Full” angular range can be included in GosIA part of fit (norm. free)
Data from different targets can be included in GosIA part of fit (norm. free)
Q, sensitivity comes from fixed G and B(E2) data, with GosIA2 error bar!

Re-run full %2 surface for all ME changes
Give B(E2) from GosIA2 as additional data point in GosIA fit
No need to fiddle error bars as long as B(E2) is normalisation transition

1%9%4 <




68Nj - correlations

&) Correlations to other states are important too... 0*, state in %Ni.

@ B(E2; 2*, > 0%)is small; but B(E2; 2*, = 0%,) is big... Second 2"? order.

P EXTYTRS
wooy NN N +
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68Nj - correlations

&) Correlations to other states are important too... 0*, state in %Ni.

@ B(E2; 2*, > 0%)is small; but B(E2; 2*, = 0%,) is big... Second 2"? order.

W NONTN +
4025.9 . — Akl 2
oo b
Lo : .
3149.2 ., e
2849.1 T T N@@;\Fl 'T""'T":",, 5,
2744.7 |~ —TTTmmmmommmmTm T DTNV N A 'T“'I'“:“""'T 2+2
2511 A ’ ‘\‘? > w o R 9 O+3
‘ St
2033.2 - . ‘\?V?' 9: :y: :9 2",
1605 @ Sy iy y oy 0%,
N
: | | |
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| | |
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0.0 Y Y v vy 0"
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58Nji — Normal 2D plot

@ A normal simulation of B(E2; 2*; = 0*;) vs. Q(2*)
@ Three different values for Q (2*) are assumed.
&) What about the third dimension? Look at B(E2; 2*; > 0%

';' 3.6 [ ' : 1 ' : ' ' : ' 1 s}
= - : : : ' : : ' : : S
= 35— " . " : ‘
o - : : :
j T : - ) 0.8
N - ' " !
{}i 33—
m —
32— 0.6
31—
3.0 : 0.4
29— §
28— : —0.2
27— . ! ! !
I.:I 1 l 1 1 I 1 1 I :l I : 1 1 1 i 1 1 1 : I 1 1 1 : I 1 1 lS 1 I 1 l: 1 1 I 1 1 —
26— 30 20 0

0 0 10 20 30 40
Q@) fefm




68Nj — The 3" dimension

E [keV] I*
4025.9 - 2%,
3149. 2 N, ,, 4_+1
2849.1 """t -5
2744 7 ------------ ; === 2+2
2511 - 0%,
2033.2 2+,
1605 0%,
0.0 0",

& t(2%)) known!

@ Project out...

—_ |5 1 o
e B x
A
AT
7 1 0.8
o -
N ).5__
w 0.6
= o
(= i
\'4 B 0.4
-0.51—
_1:_ _'0.2
‘—'1.5;1 L 1 1 l 1 1 1 L l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l _,0
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

<2t || E2]] 2*, > [eb]

@ Symmetric — no sensitivity to sign

@ Non-linear — but constrained
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68Nj — The 3" dimension

@ Starting value of <0*,| |[E2| | 2*; > is important to quanitify correlation.

@ Range of values to be investigated with 2 map for each.

&) Trend is the same, but exact limits can be different.

—
L0 .8
Q -
e -
A 1.6[—
-
:\l [.4 —
— 12
N
W e
~ )8
o 0.4
).6—
\Y, . —0.3
0.4—
- —0.2
0.2— —0.1
0 '__*' 1 1 1 L 1 1 1 1 1 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I p— o
03 02 -0.1 0 0.1 0.2 0.3

<2, || E2 || 2*, > [eb]
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Summary

&) Gosia2 described for use with RIBs and normalisation to target excitation.
> Full inclusion of all uncertainties is important
> 2 surface scan of 2D parameter space for correlated errors

@ GosIA-GosIA2 method used when multiple levels are excited.

> Combines target normalisation of GosiA2 method with full GosIA calculation.

@ Method can be used in simulations to investigate correlations

> Any two parameters can be tested and a correlation map generated
> chisqgsurface code available to do the hard work!

> Can (should) be updated to perform GosIA investigations as well as GOSIA2

Thank you...
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¥2+ 1 assumptions

&) Surface must be parabolic 2
. | 2 _ f10% 2
about the minimum! Limit = = X ¥

Yiimic = Jmin+ 1

Xlzimil — Xmin 1 +

p
n—p

NUCLEAR INSTRUMENTS AND METHODS 127 (1975) 253-260; © NORTH-HOLLAND PUBLISHING CO.

e | Aimie = xoml1+ F,(n, n—p)

ANALYTIC:AND GRAPHICAL METHODS FOR ASSIGNING ERRORS
TO PARAMETERS IN NON-LINEAR LEAST SQUARES FITTINGT

D. W. O. ROGERS

Physics Division, National Research Council, Ottawa KIA OR6, Canada
and
Oxford Nuclear Physics Laboratory, Oxford, England*




TABLE 1

Percentage of intervals including the “true” value of the param-

eter “b6” in 300000 simulated experiments fitting y =a + bx

with 5 data points and using the correct variances on the input
data for case 1 and incorrect variances for case 2.

Method Text Predicted % of intervals
reference % forcase 1 including “5”
Case 14 Case 2¢

Internal
Analytic 12, 15 68.3 68.2 99.9
Graphicalf 19, §5 68.3 68.2 99.9
External
Analytic 13, 14, 17 68.3 68.5 68.5
Graphical® 21, §5 68.3 68.5 68.5
Cline and Lesser
Graphical (*) 90 95.4 95.4
Analytic () 68.3 61.0 61.0
2210%/%%50% (©) 68.3 88.7 88.7
Ellipsoidh 22 90.0 90.0 90.0
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2ORn — No target excitation

&) Yes, we do have the 2%, lifetime, so it’s more traditional

1 [ T T T T T T

0-1 __

001 [

60 ] +/7t ]
Nid"/2" —8—
120 I ]
Sn 472" —e— 1
120 T E
Sn6'/2" —Aa—
Q>0 —— |

Q=0
Q<0

Intensity ratio
/

1

0.001 L ' ' '
20 25 30 35 40 45

Lab. angle of recoil [deg.]

50

55



220Rn — Rutherford

@ Normalising the data to Rutherford XS using Gosia manual formulism
@ Changes in efficiency etc corrected using relative particle singles intensity

@ Gradient is parameter of interest... still not absolute values
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‘ ?20Rn — Q (2*,) sensitivity

& 2 scan of possible <2*, | |E2| | 2*,> reveals true sensitivity

@ Rigid-rotor value is 1.63 eb and best fit is almost double... Why?
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220Rn — Rutherford

@ Not as easy as it seems: Very sensitive to angle determination (CD distance!)
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