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the n-n interaction

» low energy IN-IN interaction :
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» neutron-neutron “collisions’” ?
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the n-n interaction

» low energy IN-IN interaction :
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» neutron-neutron “collisions” ?
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> final state modified by V,,,, !
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» how is it modified ?

> by the n-n distance

> by the n-n interaction
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interferometry

the n-n configuration

O«

Q(q) X Cnn {'Imb('rnn)a a'nn} :

> o(q)

~+ o(q) is measured

~» event mixing provides Q(q) ...

“Probing correlations in A-n systems”
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» the halo of 11 :
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interferometry

the n-n configuration
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» the halo of 11 :
(30/s @ 30 MeV/N)

“Probing correlations in A-n systems”
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event mixing : residual correlations !

d*o /dp1dp;
(do/dp,) (do /dp2)

C(pla p2) —
> mixing events provides :

do d’oc
— = / dk =
dp dp dk

do do do
o Jeww Za = Zc)w
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> if this effect is ignored :
d*o /dpidp;
(do/dp:) (do /dp2)

<C



event mixing : residual correlations !

B dzo'/dp1dp2
C(p1,p2) = (do /dp.) (do /dp-)

> mixing events provides :

dé d2o
— / dk =
dp dk

dp
do do .
do C k) —dk = — (C
dp/ k) ap
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> if this effect is ignored :

d*o /dp.d
~ 0'/ p1~p2 <C
(do/dp1) (do/dp2)

» SOLUTION :

> assign to each neutron
a weight in the mixing given by :

w(pi) = 1/(C)(p:)

> C is needed in order to build C ...

wW—=1 — MO _ cW
S w® 5 MO o

S w® > ... C



how does it work ?
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> recover input C,,,, of unknown shape !!!

C
HALO 06 [Trento, Nov. 1] : “Probing correlations in A-n systems” F.M. Marqués (4) %%



unbound nuclei
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N [counts]

» how to look for them ?

> strip nucleons from a beam !

» how to find them ?

> look for energy levels ...

E(**B) [MeV]

B
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results on Pb and C targets

» U, modified by relative distance :

= I
FS

o s o s 0o 5 100
d., [MeV/c]

[Lednicky & Lyuboshits, SJNP 35 (1982) 770]
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results on Pb and C targets

» Pb target [FMM et al, PLB 476 (2000) 219] :
» U, modified by relative distance :

157““\““\““““\““\““““\““\““

QSS u 0 :7‘”‘”‘”‘”‘ -!I!!='.E!i. PR R i ‘ L R B N
FSI

0O 50 100

d., [MeV/c]

[Lednicky & Lyuboshits, SJNP 35 (1982) 770]
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results on Pb and C targets

» Pb target [FMM et al, PLB 476 (2000) 219] :
» U, modified by relative distance :
15 T T T T T T T T T T T T T T T T T T

Qss m P T oo . cwwws IOOO A
FSI 0 50 100

> C target ...

157““\““\““““\““\““

d., [MeV/c]

[Lednicky & Lyuboshits, SJNP 35 (1982) 770]
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results on Pb and C targets

» W,, modified by relative distance :

= I
FS

> what is the effect of V,,, ?

0 50 0 50 0 50 100

[Lednicky & Lyuboshits, SJNP 35 (1982) 770]
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» Pb target [FMM et al, PLB 476 (2000) 219] :

157““\““““““\““““““\““\““

100

> C target ...
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borromean correlations

» “Be [FMM et al, PRC 64 (2001) 061301] :

> decay — 2Be+nn

> Dalitz plots (core-n vs n-n) :
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borromean correlations

» “Be [FMM et al, PRC 64 (2001) 061301] :
> decay — 2Be+nn

> Dalitz plots (core-n vs n-n) :
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borromean correlations

» “Be [FMM et al, PRC 64 (2001) 061301] : > core-n resonances :

> decay — 2Be+nn

> Dalitz plots (core-n vs n-n) :
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borromean correlations

» “Be [FMM et al, PRC 64 (2001) 061301] : > core-n resonances :

> decay — 2Be+nn

> Dalitz plots (core-n vs n-n) :
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s S =, [Ph]

v Tnn[C] > Tnn[Pb] 277 ~s Eep + (Ten) < 400 fm/c !

C
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neutron clusters : a huge gap

@ (o0
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neutron clusters : a huge gap
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[N =2-10""

» neutron-rich beams: N > 2?

B
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the landscape in 2001

» known masses & asymmetry :
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the landscape in 2001

» known masses & asymmetry :

B/A

C
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the landscape in 2001

» known masses & asymmetry :

B/A
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the landscape in 2001

» known masses & asymmetry :
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» few fermions bound ?
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1960s-2000s : a long, unsuccessful quest

» two-step reactions :

(Al) ,

>p+W-— n—|—7OZn—>722n[(t,p)]

> 208ph (=, wT)4 n Pb) 212Ph 4 ~

» pion charge exchange :

> 3H (7w, ~) 3n
> {34tHe (7, 7T) {3,4}n

» multinucleon transfer :
> "Li+ "B — 0 4 4n
> "Li 4 "Li — {101C 4 {4,3}n
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the principle ...

a|lBe + 4n) + ---

> |1“Be)

(130/s @ 35 MeV/N)

> effective + clean

“Probing correlations in A-n systems”
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the principle ...

a|'°Be + “n) + ---

> |'“Be)

E,[MeV]/E, [MeV/N]

> effective + clean + sensitive !!!

(130/s @ 35 MeV/N)

> saturation (sensitive to low E,) ...

“Probing correlations in A-n systems”
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... and the results

E_=11-18 MeV/N |
j10°

l4g &(C)

HALO 06 [Trento, Nov. 1] : “Probing correlations in A-n systems”




... and the results

“Be(C) | esmsmenn |

1 110°

C
> looks like : Be &), 10Be + 4n
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“standard” alternative sources

» other beam particles :

10F
— 5|
S5 2
S, 5
G 80 :
© No i
- — 4
Z e
© prd I
2,
% 10 20 °

» estimated pileup [xn] :

channel No® N2 pylsim) o pglnn) g
(*Li, X) 4 <6.0 ~3.3 <7.0 =
(**B, X) 0 <05 ~0.3 <0.9 f:?g;
(1“Be, 2Be) | 0 - 0.8 <1.2 2

e

(*Be,°Be) | [6] <0.5 0.2 <0.8

[FMM et al, PRC 65 (2002) 044006]
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trigger of experiments and calculations

charged fragment

14Be —%  19Be+“n  (°01,'02)

SHe —5 “He+“*n  ('02)
~——  2a+*%n  (02)

sHe %, 1He +d [+*n] ('04)
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trigger of experiments and calculations

» transfer [Beaumel] :

SHe Y SLi [4+4n] ('02,04)

80
> 0 6Lin
Q) .
4 B0 I coinc
= B |
e
“:@ 40
= 30 |-
=
8 20
10 0«
0 JdF | s T ﬂlnnﬂﬂ{n\ﬂ {1a |
5 0 5 10 15 20 25 30
©) E, (4n) m MeV
4Be — 1UBe+“n  (°01,02)
(© :
*He —  “4He+“n ('02) » “modern” calculations :
(€ :
12/4Be _ =% 2a+*n  (°02) > bound/resonance ? [Pieper,Carbonell]
(d) , : :
*He —> “He +d [+*n] ('04) > (*n, p) scattering [Bertulani]

C
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about the 4n candidate events

» elastic (*n, p) scattering ?

> Pn — 0.4 = P273,4n — 0.52 '
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» P,, due to “n resonance :

oy e )
n(El)
405
— |
o
=, &l
- 20+
- °Q
101 ° °
N °
% 1 23 4
E(=I) [MeV]
> Ppyp X 10!

> 4-n phase space : lower limit ...



new results : Bouchat, PRELIMINARY

charged fragment

4Be — 1UBe+“n  (°01,02)

SHe| —  “He + “*n ('02)
i21age O, 9, +46n  (°02)

SHe -2 He +d [+*n] ('04)
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new results : Bouchat, PRELIMINARY

charged fragment

@ — 109

e 10804, 2 E -

- 0

50

1uge (O 0Be +4n  ('01,02) 100

sHel &% “He 1 (02)

12/14g 4 (_C)> 200 + 4/6p ('02) 200
(d)

*He — “*He +d [+*n] ('04)
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‘He

1]‘ Fig. (a)

angular correlations

He*

Fig. (b)
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angular correlations

$He*

n‘ Fig. (a) Fig. (b)

N [Counts]

180 180

Q" [Degl

o 29 40 (&20] 80 100 120 140
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angular correlations

$He*

Fig. (b)

N [Counts]

o e R W L
o 29 40 (&20] 80 100 120 140 180 180

Q" [Degl
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angular correlations
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PRELIMINARY conclusions & outlook

» 8He from SPIRAL :

> clean He identification
> 14 events ! (E,/E, > 1.4)
> no saturation !

~ angular correlations

~» sensitive to “any” state ???

" "0
e -+
S — = Ed(*He+2n)
S Mo =0.5 1200 |-
IS S
8 77777 r — 10 g
= 7 = —— =05
_— l_n — Z‘D 1000 -
N T o= 1.0
Mo = 4.0
——————————— Mo=2.0
800 |
e L Mo = 4.0
4 800
3
400
2
4
: zo0 |-
i s "“:—\.,‘_.7
e .
5 | I P s o ke L L T LR N (PR
3 4 a 50 1a0 150
E, [MeV] 2" [Degl
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PRELIMINARY conclusions & outlook

» 8He from SPIRAL :

> clean He identification
> 14 events ! (E,/E, > 1.4)
> no saturation !

~ angular correlations

~» sensitive to “any” state ???

» DEMON @ GANIL ('05,'06) :

(&
—_—

153 lBe* _, 10/8ga 4 4/6)

~ higher statistics !

~ analysis in progress ...
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charged fragment

14 10 4
ﬁ Be - "Bet'n?

~ 17B . Qsin = 9 MeV

~s 9B . QB4/6n ~ 17/8 MeV
Sin ~ 2 MeV 1!

~+ 8He : Sa [+4n] = 3.1 MeV
Sefyin] < 3.1722?



alpha knock-out ... (?)

20 ¢
300 | . -
£ * 175
: S :
250
C 15
200 f 125F
150 10
/ 15 F
100 -
: 5¢
L 25F lL
0_ laat L 0:lllllll]nlpllm"lllllllﬂl
0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
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300 20F
250 17.55- ]
C 15F
200 |1 :
i 125F
150 | 10F
100} 75 :
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C 25+
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saturation and energy range

» light output saturation :

» low-energy background :

3 10° S
szl 2 E, <11 MeV/N
c | c10° n 1
-] 2*~ 8 E
8 | O10
=2 >
= 1} 14 le= 0 A
Z |- 0 1 2 3 4 5 6 7

A E,/E

E, [MeV/N] S 2
§ ubha, L s
— r T
» pulse-shape discrimination : = A + Clel*Tle, %
0 1 2 3

> low (& flat) rate !

Qgow [1U]

1 Qt:tal [a?U-] 4 Enl[olvl eV/NjTO > lower limit on E,, [11-18§]

HALO 06 [Trento, Nov. 1] : “Probing correlations in A-n systems”

PID (fragment) [a.u.]

» bck evts : (**Be, ?Be + n) [*n]



interpret the correlation factor

P1
"l b1
z o |
U Do b2
bosons or FSI resonances

fermions

C(p1,p2) = 1 + (bo(g,p)) + (bi(qg,p))

By=QSS B;=FSI
T = x —®2 = (r1,t1) — (r2,t2)
1 1
By = —5 (cos(qx)) = —5 /W(w) cos(qx) d*x

Bi = I pupa (@) + 2 R[£(6) (Bpupa(a) cos(az/2))] )
— [ 2 dredrydt W(@) {|£0)dmpn(@)* +
2R (k") bpups ()] Jo(arrr/2) coslao(rs, — vt)/2v] |
=0 C(q) = 1— jexp(—g°r))
W(wz) = e—’ri/ZfrO L _|_|f_|22 (1 __dg 0) n
W(x) = e—"2/4ro? ar} 24/7Tg

* R. Lednicky and V.L. Lyuboshits, Sov. J. Nucl. Phys. 35 (1982) 770

\/gf—rfaﬂ Fi(qro) — %Fz (gro)

C
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how to iterate

» calculate (C') for each neutron :
» in practice : IN neutrons measured ...

©w) = [cwm T ar

dé /dk )y — T = C" ) (p;, p))
— /C(p, k) (C')/(k) (€)™ (pi) N _ 1; (CY™)(p;)
JF#i

. 0 ,
> subtle, but essential detail ! >~ no need to normalize !

> C" =Y (pi, pj) = C V(| — Fjl) ...

> interpolate around g;; !

e 50 Mevic | } "Li(Pb) -
: !

2.7fm

Li+n+n

N [a.u.]

> effect easily simulated !!!

C
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multiple correlations (IV > 2)

» it is a 3-body problem ...: » multiple correlations
in particle physics : Dalitz plots

Mass of An~ pair (MeV)
1300 1400 1500 1600 1700

o
o N | T T T 3
8
g _
(&) >
2 g 3
g T
Ok -g
< g
o - <
3 °
53 8 8
g« T s
2
]
>3 8
A ™
o Ad -
(2}
1.50 200 250 3.00 Number per 10 MeV

Mass squared of An~ pair (GeV?)

> define “normalized” masses :

Y (my +my + Eg)? — (my; + my)?

B
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MUST setup : “hyperheavy” hydrogen ?

SiLi MUST\A
Delivered by S Am—
* i MUST —
SPIRAL i
l 4
SHe beam n
@15.8MeV/u . 6] i \
(“2510413135) _'J?T'."-'i e - PlﬂStiC (XZ)
- ] Cd, largeit
S A _
Eassiassin | sas | g 7 ———
/‘?’ﬁ } (:ATSZ = 8He(d,3He)’H Hos  Preliminary!
CATS1 o ol E(3He)=15.2 A.MeV
2
é | S(t+4n) o .
= i
- |
O .||
U 20 "
Carbon
1o L background
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