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Outline of these lectures

- few basics of reaction experiments

- different reaction types

- production of exotic beams for reaction experiments
- some experimental considerations

- example reaction experiments with exotic beams
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Some Reaction Milestones (NAS report 2007
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National Research Council 2007. Scientific Opportunities with a Rare-Isotope Facility in the United States. Washington, DC: The National Academies Press. N‘g'cl. -
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Example: 13N(p,y)14O: one reaction, many methods!

VOLUME 67, NUMBER 7 PHYSICAL REVIEW LETTERS 12 AUGUST 1991

Determination of the '*N(p, y) '*O Reaction Cross
Section Using a '’N Radioactive lon Beam

PHYSICAL REVIEW C VOLUME 48, NUMBER ¢ DECEMBER 1993 1. Direct measurement
Investigation of the ""N(p,y)""O reaction using "“N radioactive ion beams Wlth Inte nse 1 3N beam

Volume 264, number 3.4 PHYSICS LETTERS B | August 1991
Determination of the astrophysical '*N(p, v) 'O cross section 2: Coulomb dissociation
through the Coulomb dissociation method of 140 beam

PHYSICAL REVIEW C 69, 055807 (2004)

Determination of the direct capture contribl:tion for l"I\l:'(p,y)”(’) from the "0 — “N+p 3: Heavy |On prOton tranSfer
asymptotic normalization coefficient .
using 14N(13N,140)1BC

ELSEVIER Physics Letters B 650 (2007) 129-134

www. elsevier.com/locate/physleth

Single-particle resonance levels in 1490 examined by 13N + p elastic 4. ThICk target resonance
resonance scattering Scatterlng of 13N

PHYSICAL REVIEW C 74, 035801 (2006) _
5: Transfer reaction 13N(d,n)140O

I3N(d, n)'*0 reaction and the astrophysical ®N( p, )"0 reaction rate . : .
In Inverse kinematics
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Physics motivation: 13N(p,y)140 in stellar environment

J. Phys. G: Nucl. Part. Phys. 38 (2011) 024001 M Huyse and R Raabe
24 25
- => Hot-CNO1 Al Al
-=-» Hot-CNOI T
------ » Breakout
21 R2 23 DA o
—3 Ip-process Mg Mgl Mgl Mg
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Figure 2. Portion of the chart of nuclei, with indication of the paths of the hot-CNO cycle (Hot
CNO I) and very-hot-CNO cycle (Hot-CNO 1II), with the possible escape routes. The reactions
studied in Louvain-la-Neuve are highlighted.
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1: Not only direct measurement of 3N(p,y)14O

VOLUME 67, NUMBER 7 PHYSICAL REVIEW LETTERS 12 AUGUST 1991

Determination of the '’N(p, ) '*O Reaction Cross
Section Using a '*N Radioactive lon Beam

PID COMMUNICATIONS

PHYSICAL REVIEW C VOLUME 42, NUMBER 3 SEPTEMBER 1990
30 deg. ANALYZING ~  TARGET
Production of intense radioactive ion beams using two accelerators MAGNET |
90 deg. BENDING  LENS. SRt
MAGNET
CYCLONE (T

An intense beam (1.5%10® particles/sec) of radioactive '*N'* ions (half-life: 7/2=10 min)
has been produced and accelerated to 0.65 MeV/nucleon, by coupling two cyclotrons with an
electron cyclotron resonance ion source. | This is the first time a short-lived radioactive ion beam
‘has been produced by this method, at such an energy and with such a high intensity, a result
which opens up a wide field in many applications. The first experiment along these lines will be LENS.
the measurement of the cross section for the nuclear reaction 'H('*N,¥)'*O which is the crucial
reaction for the operation of the so-called hot CNO cycle in nuclear astrophysics.

ECR ION |
SOURCE

TARGET SWITCHING j
MAGNET

/CYCLONE 30

30 deq. BENDING
MAGNET
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1: Direct measurement of 13N(p,y)140

13N: 2-108 pps, impurities <1 - 104

g i 7
2 4000 “" A ,Nu“
. 8 \ " (a) .
Si detector w Target: (CHZ)rj, 1 80(18) ug/cm?2
monitor I R I (b) | T ’
170 to beam 1000 'B. " \\\ Ge detector | q[;
oL INAN \ c r\.-—&L %1 ‘—" | /
»n _ﬂ'—~—j__.:_;j—7 r\
€ 1o (b) Ge detector | [ |}
8 o I
8 | L__J
| |

Time difference

between Ge-det “ | |
and CyclotrOn RF “I o=106 + 22(Stat) + ZO(SySt) ub
"I energy averaged over 5.8-8.2 MeV (lab),
e m ow e ow o onowe ™0.414-0.586 MeV (cms)
§ © (c) - R —l‘—,-(e-\;)—__ - Reference i i
" 3.8(1.2) Present R
y-measurement 2.44 S
10 5 1.9 6
with Ge detector , ol 12 ;
129° to beam e Y 9
Energy (keV) 2.7(1.3) 10
3000 4000  S000 6000 7000 8000 9000 < 7.6(3.8) 1
14 B B ) |.4(7?n,,'{f1"[ B 12
S.173 7 0y = g.5.) PRL67, 808 (1991), PRC48, 3088 (1993)
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From relativistic kinematics

Invariant mass:
272 2\2 Ve
M = \/ (m,c”)” + (mec”) +/2"VPWC(1 — FCOSQPC)
___________ b Relative angle between p and core
2Xx
Relative energy of p and core
. — _ ~ max\2
Detailed balance theorem: Evey=M— M.+ M) ~ E(6,)
(2j.+1)2 k2
ob+c>aty)= 2+ 1) 1) 2 o(aty>btc) Max opening angles for given relative energy

sin 46, z‘/(mc/ mb)Ebc/E:)ab
sin 407" =V (m,/ m.) E,./ E&®

Double differential cross section for EA:

d’o (z_re)’a-,mdf“(o,f)

dQ dE, \ hv d0

Baur et al. NPA458, 188 (1 986) 4. Conditions of experimental investigations

B(EA, I~ I)p(E,)
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2. Coulomb dissociation of 140

Motobayashi et al. PLB264, 259 (1991) .
3 " 104 140/8 13N / E«("(g)(McV) (gg;mpb(“o.“o'(rg::sw/u§

.’, 5 s 7 L ]
’ L S S SR S | E ;

87.5 MeV/u countsi(c)” -
’ ‘/ . ®o5(“0.°N p) ™Pb .

i p 0.1 —
\ 0 3 N\ 3
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| \
‘m - ‘I" 3 — L“\\\ '\ '
I’+¥. v ' . 0.01¢ T :
i g - \\\ i
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L [ v '6@ 2
50} g - E 00NN/ )%
. \ ) 3 Ein=78.1MeV/u ]
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N S W gy T : 2 3 0| z
e, U T ) EralMeV) L .
Sl 1] " el TS 0123 456
{ > o S g . . em
I <]] Coupled channel analysis with OMP from
i + Upgraded

LY ol 8
} e ff Tt PO 170+205Pp at 84 MeV/u ...

. —~I',=3.1+x0.6 eV
5x5 Si-Csl dE-E telescope

+ plastic hodoscopes
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3: Asymptotic Normalization Coefficient (ANC)

$B\ A(B+p Radial overlap function 1, . (74:) = SMI} D1 (1o ANG
>Ry ' vl 2(2Kp2Tps )
| bx
— \a\ Single particle bound state wave function: ®,, ; ; (73.) Te o, brrt, ;.

‘ ,lt_j.[g] . | ] 2(2,{111"‘1)1')

Ibx
s.p. ANC—"
do | , . (Cf, . )?
'(m = Z .SI;J-I‘,_/U.S_lJ’I.A,-;; I“‘/‘Ii iB & Sh:( Ja ([)' o ).,
T'a:f“)" transfer happens here e B
DWEA
1.E+00 ' - B \2 Olajalein
(CE, . )V (CY ) 7 -
Q== breakup happens here - & %: el TTARBIET byt 5, )2 (bastpip)?
1o B  Whitaker This is measured for the reaction of interest
5 ! \ e br cao! These needed from other measurements
n ’
- (p,y) happens here / \
- C14N 2 C14N 2
‘§ . _ ) _Pip pw | P sl
O'exp— b140b14N 0'1)1/2’1)1/2 b14ObI4N P12:P3)2
1.E-03 P12 Pip T P12 P32 T
Pak
. 7
o These from single particle model
0 10 22 3 4 5 60 These from from reaction code
L. Trache radius (fm)

Recent review Tribble et al. Rep. Prog. Phys. 77, 106901 (2014)
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3: Proton transfer using 14N(13N,14Q)13C

RC69, 055807 (2004)
7 £ - OMP from € I OMP check with
2x Si dE-E (60 um, PSD) - 500um gk 13N el. scattering sy 13N el. scattering
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N e Direct capture and total S-factor ~ 30% larger than before

EBSS2019 / Oak Ridge TN June 29, 2019 A. Saastamoinen JTQ[




4: Thick Target Inverse Kinematics (T TIK)

Detectors

Scattering

Target gas (H,; CH,; He)

G. Rogachev / EBSS2013

Typical excitation function measurement:
Measure cross section, change energy, measure cross section, change energy, ...

Thick Target Inverse Kinematics (TTIK):
Scattering on thick target (gas or solid) so that the beam stops within the target, but

elastically scattered (180°) target nuclei go further away and are measured with detectors
— Measure whole excitation function from Epeam downwards in one measurement!

Original idea: K.P. Artemov et al., Sov. J. Nucl. Phys. 52, 408 (1990)
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4: Resonant elastic scattering 13N+p
Teranishi et al. PLB650, 129 (2007)

2x Si dE-E (75 um DSSD) - 1500pum E, (MeV)
48 MeV, 2-10° pps .
PPACI PPAC2 ST2 16 5 6 v 8
g 13N Bl - .l | | |

T Tl - - -[|- 6=0° [T | v } ]
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' 1 ; 2
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0 8.3 mg/cm?2 F & L |

| 1 1 1 1 *&g | &

Ex = 5.159(10)
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75 1500
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=
@
<
—
Q
<
)
=
w
m
X
l
o))
—h
o))
0}

EBSS2019 / Oak Ridge TN June 29, 2019 A. Saastamoinen JTQ[



5: 13N(d,n)140 in inverse kinematics

Decrock et al. PRC48, 2057 (1993)

BEAM STOP

13,,12°
X

auarTz” 5 *
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Discrepancy for direct capture S-factor ~ 30%
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5: 13N(d,n)140 in inverse kinematics

Li et al. PRC74, 035801 (2006)

Multi-Ring
Semiconductor Detector

102 : T v T v T v T v 3 4 Y T v T d T M T M T
S| 300 ”’m ® Experimental data
— D1-N1 1 ; 1
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A more modern (d,n) measurement: d(>7Cu,%8Zn)n

57 58 - . . 350 t 587, 2 Z 8 RN 2
o N - = f 210t
Cu(d,ny)°8Zn in inverse kinen .| = | | : ‘i |
; - N =_0 0" | 15 >10} = |
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Z 150 £
© 100 2 S Y
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2 2697 e K ST ) 192 tota _
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< L 224 4 5 = -
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& S858528% "
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A more modern Coulomb breakup experiment
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A more modern Coulomb and Nuclear breakup setup
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)

trackers 30, 60 cm after target
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More new isotopes to come?

fl zqu%?

1000
64Se 65Se 665e 67Se 71Se
>180 NS 33 MS 43 MS 136 MS 4.74 M
900 F— 104 z £ 100.00% =: 100.00% £2100.00% = 100.00% £ 100.00%
p: 100.00% op: 0.50%
800
62As 63As 63As B5As 6EBAS 68As 69As
<43 NS 18 MS 128 MS 95.77 MS 151.6 & 16.2 M
700 10} =@ B e < 100.00% < 100.00% < 100.00% = 100.00% = 100.00%
= 600
o 61Ge 62Ge 63Ge 64Ge
- 44 MS 129 MS 150 MS 63.7 5
S L < Y b= 4 &= | £ A
52 500 . 3= 100.00% 102:0% 100.00% 100.00%
L 400
L 60Ga 61Ga 62Ga 63Ga P 65Ga
5 70 MS 167 MS 116.121 MS 3248 2.627 M 16.2 M
300 a1 = 100.00% = 100.00% £ 100.00% £ 100.00% £ 100.00%
p: 1.50% p < 0.25% EY
200 10
59Zn 60Zn 61Zn
182.0 MS 2.38 M 89.1 8%
100 — v = 100.00% £ 100.00% £ 100.00%
: 30 : 100, : 100, : 100,
- : op: 0.10%
() _l 1 ' l ' L ' l 1 ' L l L ' " l L 1 ' I ' I L I 1 I 1 I I I I l I l
240 242 244 246 248 250 252 254
29 30 31
ToF F3-F7 (ns)
hodsq:hodst {Se67&8&hodsm1&&hodpm1&&hodpEproton&hodsid==4} | hodsq:hodst {Se67&&hodsm1&&hodpm1&&hodpEproton&hodsid==3} | hodsq:hodst {Se67&&hodsm1&&hodpm1&&hodpEproton&hodsid==2} |
40001 4000 = 4000F
3500} 10 3500f 3500
. - - 10?
3000} 3000} 3000}
25001 2500 2500(
2000[ T 2000f 2000 10
15001 1500~ 15001
1000(— 1000 1000(
- 10" | - 1
500} 500 500[-
:1111111111111111111[11114171111111‘1‘111111 :1111111|-‘|'.1|-[:' A e (s ot f].; 3 1111111-11-1}'1 Pl 1-:ilf : R
‘P40 142 144 146 148 150 152 154 156 158 160 ‘?40 142 144 146 148 150 152 154 156 158 160 940 142 144 146 148 150 152 154 156 158 160
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Making new Isotopes with exotic beams

_— o - i Wimmer et al. arXiv:1906.04067v1

<1.2 1S <30 NS 64.9 MS
= = = P > 0.00% £: 100.00% 68 69
<
Br Br, Ti2 <24 ns
R Y o
69Kr 70Kr 71K 72Kr 73Kr : ]
28 MS 40 MS 100 MS 1718 3738
36 £: 100.00% £: 100.00% £: 100.00% £: 100.00% £: 100.00% 10
£p= 1.30% =p: 2.10% £p = 1.0E-8% £p: 0.25% 6
67Er 63Er 69Br 70Br 71Br 72Er
<1.2 ps <24 NS 79.1 MS 2145 78.6 S 109
P P P = 100.00% £ 100.00% £ 100.00% 35 1
N
65Se 66Se 67Se 68Se 69Se 71Se i o 10¢
33 MS 43 MS 136 MS 3555 2745 4.74 M R
34 £p: 100.00% £7100.00% £: 100.00% £: 100.00% £: 100.00% £: 100.00%
£: 100.00% £p: 0.50% £p: 0.05%
33 10!
64As 65As 66As 67As 68As 69As
18 MS 128 MS 95.77 MS 4255 151.6 § 165.2 M
33 £: 100.00% £: 100.00% £: 100.00% £: 100.00% £: 100.00% £: 100.00%
32 — T Y 10"
1.90 1.92 1.94 1.96 1.08 2.00
31 32 33 34 35 36 | ,,."'(I
beam reaction events in ROI  background corrected yield o “P¥"(ave.) (mb) expected yield (7) (ns)
‘UBr -2n 12 0.15(2) 14.7(50)(18) 0.57(21) 1 740(710) 51(6)
UKr -1pln 140 113(3) 33(16)(4) 82(12) 2240(500) 57(7)
Ky -1p2n 20) 9.0(3) 13.7(60)(12) 5.7(12) 2690(720) 46(6)
“Kr -1p3n 12 3.8(2) 10(4)(2) 0.32(8) 1130(340) 51(6)

70,71,72Kr and 79Br at 170 AMeV on a 703 mg/cm?2 °Be target. Knockout and few nucleon
removal reactions. Separation and PID with ZeroDegreeSpectrometer at RIBF.
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Less exotic transfer reaction for developing exotic instruments

Position and Angle
Measurement

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

e MDM spectrometer

| (originally from Daresbury)
- st e “Oxford” detector:
=R R A - 4 X resistive wire for position

- anode plates for dE
- plastic scintillator for Eres
- 1IC4H10 ~20 ... 150 torr
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26Mg+13C transfer, circa 2009

' DE1-PM | DE1-PM ' DE1-PM | DE1-PM |
‘ ' Entres 1585424 ‘ ' Entries 0942124
aom’ | Mean » 1T 80«): | Mean » ]

: " Meoan y 1841 { Mear y ™S

| S 0 : RV 1.
7000/ — 7000 sy 12m)

Mg isotopes
Mg isotopes @ 12 deg
@ 4 deg
2000
1000
of‘?:r:!:::‘.!f'ﬁ .................................................
b 1000 2000 3000 4000 5000 6000 7000 8000 1000 2000 3000 4000 5000 6000 7000 8000

Courtesy A. Spiridon
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13C(26Mg,2’"Mg)12C @ 12 MeV/u, 2016

16000

dEtot (DE1+MuO) Energy [channe
§ 8§ § 8 § 8

:

DE1+MuO vs PM

-
e

. Z=12 isotopes

fams BN

0 1000 2000 3000 4000 5000 6000 7000 8000

PosFP vs PM_g0

Plape [mm]
8 8

& 8 3

qumon in the Focal
& o

100
3000 4000 5000 PM Energy [channels)

PM Energy [channels)

Position in the Focal Plane [mm)
o
|

25 2 15 1 05 0 058 1 15 2 25

Courtesy A Sp”‘ldon Target Angle [deg)

What did change”? Changed dE from ion chamber to Micromegas!
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Equipment from 40 decades: TIARA for TEXAS (T4T), TIARA+Hyperion+MDM

Transfer reactions, e.g. (d,p), (6Li,d) in inverse kinematics
Si barrel + backward (forward) Si array from Surrey

4 x HPGe “clover” from LLNL Hyperion array

MDM as 0 degree spectrometer

Oxford FP detector with Micromegas

Stable beam commissioning with:
d(19F,2OF)p, d(23Na,24Na)p, d(25|\/|g,26|\/|g)p, 6|_i(22Ne,25,26|V|g)d
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Examples from commissioning runs
6|_|(22Ne 25,26Mg)d

histo

arb unit)

3 10000
|Entries 239323
9000 Mean x 1.76e+04
3 Mean y 5141
) E | StdDevx 1.191e+04 !
d 1 9 F 20 F & 8000 Std Devy 2021
E ) S
, S 7000 ]
s
w 6000

et 5000 f

j
elta

‘ prapaeeisippdranpede T LT Y L 0 L A e L L
5000 10000 15000 20000 25000 30000 & 40000 45000 50000 !

a E (Micromegas) (arb. unit)
pwc_deltaE:pwc_w2 {tac_| egas_dE>500 && tac_micromegas_dE<720 && Blob_161215x)

histo

Proton Energy [MeV] T

5 [ Entries 13262 |
o = I
8 4500 Meany iog
gy 5%
§,3500
- = w
0 Erssadanaad Aaaaad adassslosaal Laasald - & 3000 1
0 S00 1000 1500 2000 2500 3000 3500 4000 4500 SO . 149 “ . % o ' ) E
. 2500
Residual Energy Laboratory Angle [deg] 000
1500 10"
C) d) 1000}

‘ - 656 keV sooé

- i
T S S AN S S SR S A S S SR EN SO S P S S S S '
' -30 -20 -10 0 20 30
- Wire 2 position (cm)

o ——
.

: ’; | N :' '\~ §160 %
eteenstnd ‘\t \ﬁ '.ﬂ L_. . i ¥_ - - - ‘%140 ;
Excitation Energy [MeV] Gamma Energy [keV] 120 &

G. Christian et al. Cl annual report 2016-7, 1-37 100

. iy
20 Ll‘

\H\JI\IIH\|HI|\H|IH|\H\\I

) L .
10 12
j- (MeV) (red shadow: Mg, blue: 26Mg+25Mg)

nJTI_rm AL A Y T _nn

S. Ota et al. Cl annual report 2017 8, |
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- few basics of reaction experiments

- different reaction types

- production of exotic beams for reaction experiments
- some experimental considerations

- example reaction experiments with exotic beams

Thank y’all!

Location Day, Year A. Saastamoinen JTQ[
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