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number of protons
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Isotope Chart gl

300 stable isotopes;
3000 radioactive isotopes;

Some thousand still
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Production of secondary beams

Acceleration of Production of Reactions with

a primary beam a szcomdary radioactive nuclei
eam

SOk In~flight Fragment -
t>100 ms T<100 ms
I<10%0 g1 <106 s-* S@Pal"atOV

Very thick Higher Low energy,
target energy, thin target
thicker i
target i
Sec. beam intensity "9
Production rate (l,-0-H) T —
X , :
Transport efficiency of nuclei 4

of interest

Post -

acceleration
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Two steps towards the drip-line:

1. Radioactive beam production
Charge exchange; One nucleon removal/pickup;
Az —Azy, A —ALL,,
Fragmentation; Multinucleon removal;
A;—A-ng,

2. Reactions with secondary beams

Neutron transfer; A, —A+2,
Proton knockout; A, —A-1, ,



Darmstadt, Germany

Complex FAIR
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Primary Beams: U400M cyclotron
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RIB* Intensity, Energy,

pps MeV/A
(at 1 puA)
SHe 4x107 22
®He 1x107 13
8He 8x104 23
UL 7x103 33
14Be 2x10° 35

158 4x10° 32
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- TenmoBoi 2
S E | | | JKpaH —I>
-80 -60 -40 -20 0
L,, (cm)
) Time of flight .
TOF vs AE = identification - Recoil
energy ecol
Proiecti
Missing mass: rojectile
e
I:’ej= I:’pr_ I:}rec E @
T= Po2/2M, p Qo E
X, Y

Eei =TorTrec Q. Resolution ~ 1 MeV

Invariant mass:
(Eej* + ZMp)*= (ETp + ZMp,)2— P2

Resolution ~ 0.1 MeV
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Beyond the drip-line.

AT ak .
Tl Simple example: 2H(t,p)*H
i 7500 . SiLi
ZH (t’p)4H : 2H (t;pt) 173% Egil beam

2 1000  Si monitoring

3H('[,d)L‘HZ 2H(t,dl‘]) X&Y
*H(t,p)°H: °H(t,ptn)

S ¢ fer M
collimator s NETESSERSSOR NG N | | T n
@5 mm 700 Si X&V
400 y Si
10001 Si
liquid tritium (deuerium) 1000 n Si
I target (210 cm”)
Neutron Wall
3 ; 41 DEMON detectors
'H, 58 MeV; 3107571

CucTeMa perUCTpaLMK B SKCHEPUMEHTAX MO M3ydeHHIo ~H.



Beyond the drip-line.

Simple example: ?H(t,p)*H

4H Missing Mass Spectrum
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Not everything we observe is what we
are looking for;

A process at one edge of phase space
also contributes at the opposite edge;
Observed spectra are distorted, because
detection system acceptance is limited.

Neutron Momentum Distribution in the 4H cms

100

50

P ’(cms ‘H), MeV/c

-100
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] Beyond the drip-line.
o) I
“Tul More complex case — one neutron more:

3H(t,p)°H .« 1KGiTy;
*  Liquid (T~25 K): h=0.4 mm;
Gas: h=4 mm;
Why tritium? »  Three stages of radiation protection;

« Radiation safety control;
»  Automatic control and parameter

* Required excess of neutrons — 2 neutrons setting:
can be transferred ; _ «  The cell can also be filled with H,, D,
* Energy of separation of two neutrons from triton 3He 4He

(~ 8.4 MeV) is the minimum possible;

* Recoil is a proton which can be detected in a
low-background kinematic range where it is emitted
inthe angular  range close to 180° in respect to the beam

direction.
p-t coincidences p-t-n coincidences
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Events
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®He+%He. Elastic scattering

do/dQE
(rzb/srf 4He(®He,%He)a
SHe 6He Eep =151 MeV
10% ¢
|——)
‘He ‘He
10° L
6He He| 1 T
2n
‘He SHe
10—6 :HumumuHmHmuuxuuxuuxuquu
0 40 80 120 Ogm(deg)
®He+4He. Quasi-free elastic scattering
w 200§ w 200
= 160 o "‘“l
: 120 € : 120
6 b : s .
He 2n 40 § 40 S
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Optical Time Projection Chamber

CCD 2/3”
« 1000 x 1000 pix
e 12-bits
® image ampl.
(x 2000) H

Active volume 150 V/cm

ort T s
| | | | ﬁ é: | | | | | n

Ampl. 2 AR 14000 V/cm

WLS

Gas (1 atm) : 49% He + 49% Ar + 1% N, + 1% CH,

. ; . 3. dri itv: ~
M. Cwiok et al., IEEE TNS, 52 (2005) 2895 Active volume: 20x20x15 cm3; drift velocity: ~ 1 cm/us
K. Miernik et al., NIM A581 (2007) 194
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Idea of decay-in-flight experiment (GSI S271):

|. Mukha and G. Schrieder, NPA 690 (2001) 280c.

Structure and decays of **Mg:

L. Grigorenko, |I. Mukha, M. Zhukov, NPA 713 (2003) 372.
Dependence of the predicted lifetime on the structure.

1ORA [ . ( [ :
*Mg: decay in flight experiment
7 3
19 M Z Audi-Wapstra: ]
-8 E;=09+03 | |3
/z*x 10 g MeV 3
decay 3 ,/ _
point p />_\ 10_10 7, // |
& Z ]
. 3) r ! Grigorenko, 3
tracking 2 ;!
Two-proton events: = 2 d-wave Mukha, Zhukov
pl
1) Fragmentation ~ 1012 I’ é [ 3
/ in the target ) « = 1
L. S _T_S ]
2) exponential "tail" due ! i E
. . !
/ to decay in the flight 10_14 ! . : :
E escouvemont: £
- L Er=-15+05MeV
Coordinate along trajectory 0.5 1.0
E; (MeV)

“Belt” of posible lifetimes defined by calculations with pure configuration

10

10-12

100

10°8
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PaccesaHue Ha CBA3AHHOW 0-4acTHIIE
B peakuuu ‘He(°He,2a)2n

NaneHTudunkauma KCP no 7 MIIIK2  MITIIK] o

MUIIICHb
HEe3aBUCUMbIM KUHEMATUYECKUM U \/ <‘ "He
CTPYKTYPHbIM NapameTpam: TOF

l\ o
(ﬂ’ 4
,ZICTeKTOpI)I

BETO
JETEKTOP

e [lpoAonbHbIN U NONEPEYHDbIA MMMYNbLCbI
CNeKTaTopa; ’

* OTHOCUTENbHbIE SHEPTUN ABYX O-4aACTML,
N ABYX HEUTPOHOB;

(P& PE2)
* Yron a-a pacceaHua coSYyy = Tors nES T
|PC¥C¥ |P0£0£
* Yron TpenmaHa-AHra x 200
CcoS 19 — ([Palpaz][P6HeP2n]) . ﬁn 160
Y " [Pa1Pa2lll[PerePanll’ i

= 120
* Tunep-yron tanv, = \/Enn/EZn—a :

20

40

0

100 200 300
B, Dl

L}



« KBa3MC8060,£I,HbIe» peakunn Ha BUPTYa/ibHbIX YHaCTULUAX MOXHO
MCMNOJ1b30BaTb A/14 U3IYHEHUA TPEXTE/IbHbIX B3aMMO,£I,eVICTBVIVI

2N CEKTaTop, He y4acTBYeT BO B3aMMOAENCTBUM

‘ *9 A g
ne @" 3 /'MMMGHHOE aapo (3He) a
BupTyanbHasn \D_Qop,ymbl peakunu *He

3
o-4acTuua a +3He—>a+3He He
®He .
‘ O CNeKTaTop, He y4acTBYeT BO B3aMMOJENCTBUN 6He o
a g
ne @" o'e /'MMMGHHOE agpo (3He) on
a
BupTyanbHble [MpoAyKTbl peakumu
HEMUTPOHDI n+A+3He—>a+n 3He



Industrial age of Nuclear Physics.
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«CaepxTaiKe/ibie» aTOMbI BOIOPO/Ia H HEHTPOHHAN MAaTEPHHA

Beams:3H, 6He,, $He
Targets: lH,, 2H5 SH
2

SH+3H —>p+.<l)t
SHe +°H - SHewts)+p
— "THe ety + d )
_p4He+5H<)t
S2n+7Li
SHe +3H — 10He+p
—~He @tf) +d

—*He +.<)

— n+7L1

Multi-neutron states



SPIRAL2
GANIL, France
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KBaznceobonHble peakuuum.
MpubnunxxeHne NNOCKUX BONH

“He(°He,20)2n
1. MexaHu3M peakiuy yCTaHABINBACTCS
& 200 IKCIIEPUMEHTAJIBHO;
3 2. TpexrtenbHas BOJIHOBAas HAYaJILHOTO COCTOSIHUS
160 P
A (°He) usBecrHa;
10 E 3. AMImummTyna o-o pacCesiHUs U3BECTHA;
= 4. BoaHoBas (GpyHKIIHS KOHEYHOrO COCTOSIHUS (N-
an E N) U3BECTHA.
0 E % 70
3 = 5
o E o 5 60 [
0 100 200 .
P,., MeVi M50 [

" (040}

30|
270 k ,
T = ﬁ

— V
pPacCesHHbBIC YaCTHILBI
(BHpTYaJIbHAs YacTHLA
+MHILEHHOE A/1p0)

OomOapanpyouiee
sapo V+S

BUPTYasbHas
yacTuua vV

munieHnoe aapo T

)

[for

G ~ Nl 'ys



P,

. MeVic

CDopN\a yrnoBoro pacnpegeneHnada cosnagaet c Moae/ibHbiM
npeacraBjaeHnem

- [ 30 |-
100 | 100 ;30<E0.-a<35 :45<Ea-a<50
- B 20 -
50 | o -
- 50 - 10 .
0 I T - T O I AP TLL L el O -
5 33.3 61.7 90 5 333 61.7 90 5 33.3 61.7 90
0 o-a » deg. 0 oo » deg. 0 oo » deg.
BonHoBaa GYHKUMA AOMXKHA BbiTb MOAMbULMPOBAHA
\P6He_)s(pnn’p2n)

S(I_jn—n J I_jZn) — Idﬁ—ndEnW:—n (F;]—n J ﬁn—n)e_iﬁznranBHe(F;—n’ F2n)

200 200

leVic

N

160 = 160

O-NNefflslzlfaal?r 120
g~ 18 M0 80
Neff ~ (.03 40

120

30

40

0 100 200 300 0 100 200 300
P.,MeVic P., MeVic




