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Outline	

v  State	of	the	art	on	Short-Range	Correla@ons	

v  Study	of	Short-Range	Correla@ons	in	exo@c	nuclei	with	proton	probes	

v  Prospec@ves	with	electron	probes	

Thanks	to:	A.Chance	(CEA),	O.	Hen	(MIT),	A.Obertelli	(TUDa),	J.Payet,	V.Somà	(CEA)	
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History	of	Short-Range	Correla@ons	(SRC)	studies	

ALS,	Nikhef	data,	….	
C.Marchand	et	al.,	PRL	60	(1988)	

High-momentum	components	in	(e,e)	 Back	to	back	NN	emission	in	(e,e’NN)	

BNL	and	JLab	data	
E.	Piasetzky	et	al.,	PRL	97	(2006);	R.	Subedi	et	al.,	Science	320	(2008);	
O.	Hen	et	al.,,	Science	346	(2014);	I.Korover	et	al.,	PRL	113	(2014)	

Interpreted	as	due	to	the	short	interpar@cle	part	of	the	nuclear	wave	func@on	(SRC)	
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History	of	Short-Range	Correla@ons	(SRC)	studies	

(e,e’NN)	

JLab	data	
O.	Hen	et	al.,,	Science	346	(2014);	I.Korover	et	al.,	PRL	113	(2014)	

Consistent	results	with	protons	and	electrons	

BNL	data	
E.	Piasetzky	et	al.,	PRL	97	(2006);	R.	Subedi	et	al.,	Science	320	(2008)	

(p,p’NN)	
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JLab	Hall	A	
High	resolu@on	spectrometer	

JLab	Hall	B	
High	acceptance	spectrometer	(CLAS)	

SRC	studies	at	JLab	
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What	is	known	on	Short-Range	Correla@ons	

R.	Subedi	et	al.,	Science	320	(2008)	
O.	Hen	et	al.,,	Science	346	(2014)	
I.Korover	et	al.,	PRL	113	(2014)	
R.	Weiss	et	al.,	PLB	780	(2018)	21	
	

•  Concern	20%	of	nucleons	

•  Out	of	them,	18%	are	pn	pairs	

•  The	pn-pairs	frac@on		
ü  does	not	vary	with	A	(<->	N/Z)	
ü  varies	with	missing	momentum	
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On	the	non	observability	of	SRC	
•  Momentum	distribu@on,	two-body	density,	NN	poten@als	are	non-observable	quan@@es	

R.J.	Furnstahl,	arXiv:1309.5771v1(2013)		

S.	N.	More	et	al.,	PRC	96,	054004	(2017);	

•  Cross	sec@ons	are	observable,	but	theore@cal	calcula@ons	available	only	for	deuteron	
S.	N.	More	et	al.,	PRC	92	(2015)	064002	and	PRC	96,	054004	(2017)	

•  Different	approaches	to	calculate	many	body	wave	func@on:	
Green	Func@ons 	A.Rios	et	al.,	PRC	89	(2014)	
Monte	Carlo	 	 	R.Schiavilla	et	al.,	PRL	98	(2007);	Chen	et	al.,	PRL	119,	262502	(2017)	
Contact	formalism 	R.	Weiss	et	al.,	PRL	114	(2015)	012501;	PRC	92	(2015)	054311;	PLB	780	(2018)	21;	arXiv:1806.10217v1	
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How	to	interpret	observables	
RATIO	OF	

OBSERVABLES	
RATIO	OF		

NON-OBSERVABLES	

SCALE	AND	
SCHEME	

INDEPENDENT	

Chen	et	al.,	PRL	119,	262502	(2017)	Arrington	et	al.,	PRC	86,	065204	(2012)		
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12C	

Quasi	Free	ScaGering	Deep	Inelas@c	ScaGering	

European	Muon	Collabora@on	(EMC)	effect	
•  Reduc@on	of	DIS	cross	sec@on	on	nucleus	with		A>2	wrt	deuterium	
•  No	agreement	on	the	explana@on	(nuclear	structure	effect,	modifica@on	of	

bound	nucleons,…)	

J.	Aubert	et	al.,	Phys.	LeG.	B	123,	275	(1983)	
Arrington	et	al.,	PRC	86,	065204	(2012)	
Weinstein	et	al.,	PRL	106,	052301	(2011)	

Probing	the	nuclei	at	different	kinema@cs	

More	momentum	transfer	More	energy	transfer	
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SRC	and	EMC	effect	

L.B.	Weinstein	et	al.,	PRL	106,	052301	(2011)		

•  Striking	linear	correla/on	between	EMC	and	SRC	
•  Modifica@ons	of	the	quark	distribu@on	occuring	in	nucleons	affected	by	SRC?		
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SRC	and	EMC	effect	
•  Striking	linear	correla@on	between	EMC	and	SRC	
•  Modifica@ons	of	the	quark	distribu@on	occuring	in	nucleons	affected	by	SRC?	
•  Isospin	dependence	of	the	EMC	effect		

Schmookler	et	al.,	arXiv:1711.00960v1	(2017)	
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SRC	in	exo@c	nuclei	
First	study	of	short-	range	correla@ons	in	exo/c	nuclei	(N/Z	>>	1)		
	
Why?	
•  a2(proton)	≠	a2(neutron)	=>	different	behavior	of	protons	and	neutrons	
•  implica@ons	for	nuclear	structure&reac@ons,	neutron	maGer	
	
How?	Proton	target,	inverse	kinema@cs.		
•  higher	detec@on	efficiency,	therefore	sta@s@cs	
•  detec@on	of	A-2	recoil	
•  direct	measurement	of	CM	momentum	of	the	pair	
•  no	«	hardware	iden@fica@on	»	of	SRC	events	

Related	programs:	
ü  inverse	kinema@cs	with	protons	and	12Ca	beam	at	4	GeV/u/c	at	Dubna	(2018)	

	O.Hen,	T.Aumann,	M.Kapishin,	E.Piasetzky	

q  direct	kinema@cs	with	proton	beam	at	3-4.5	GeV		at	HADES/GSI	(>	2018)	
O.Hen	et	al.	

q  inverse	kinema@cs	with	protons		at	R3B/GSI	(>	2019)	
A.Corsi	et	al.	

q  inverse	kinema@cs	at	HESR	
T.Aumann	et	al.	

q  with	electron	beams	and	exo@c	nuclei?	
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SRC	in	inverse	kinema@cs	at	Nuclotron,	Dubna	
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•  MIT,	Tel-Aviv,	GSI,	TUDa,	Dubna,	CEA	collabora@on	
•  12C+proton	in	inverse	kinema@cs		
•  1st	data	taking	March	2018,	more	from	2020	
•  Data	analysis	ongoing….	

v  Proton	vs	electron	as	a	probe?	
v  Impact	of	inverse	kinema@cs	on	the	measurement?	
v  First	direct	measurement	of	A-2	
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•  CEA,	GSI,	TUDa	(…)	collabora@on	
•  1-1.5	GeV/u	beams	from	GSI	accelerator,	15	cm	LH2	target		
•  Kinema@cally	complete	measurement	with	R3B+LH2	target	
•  1st	experiment	(to	be	proposed):	10-18C	(12C	benchmark)	
•  Next:	light	isotopes	accessible	by	ab	ini@o	methods	(xHe)?	

SRC	in	inverse	kinema@cs	at	R3B,	GSI	
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LH2	target	for	R3B	

CONNECTION	TO	THE	CRYOSTAT	

TARGET	CELL	

SILICON	TRACKER	

BEAM	

BEAM	

CRYOSTAT	 GLAD	

•  LH2	target	under	construc@on	at	CEA	Saclay	
•  Different	target	cells	size	from	1.5	to	15	cm	
•  Available	from	June	2019	for	QFS	experiments	at	R3B	

COCOTIER	
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A	european	SCRIT?	
2015	context	
•  Call	for	idea	for	the	future	of	GANIL	(GANIL	2015)	
•  Delay	of	ELISe@FAIR		
•  Kyoto	prototype	confirm	the	feasibility	of	the	SCRIT	concept	

Tsukada	et	al.,PRL	118,	262501			

Working	group	on	ETIC	(Electron-Trapped	Ion	Collider)	at	CEA/IRFU	
(A.Chance,	A.Corsi,	A.Obertelli,	J.Payet,	V.Somà)	
ETIC	goal:	gain	a	factor	>	100	in	luminosity	w.r.t.	SCRIT	(1027-28	cm-2s-1	)	

2018	context	
•  SCRIT@RIKEN	successfully	commissioned	
•  Interest	from	CEA/CNRS	on	the	ETIC	project,	but	no	support.	Project	frozen.		

Facility	 Luminosity(s-1cm-2)	 Beam	(s-1)	 Target	(cm-2)	

SCRIT	 1027-28	 1018	 109	

ETIC	 1030	 1018	 109	

ELISe	 1028	

JLab	 1036	 1015	 1021	

GAIN	FROM	KINEMATICS	(x	104)	

And	more:	DERICA,	EIC,	…	
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A	european	SCRIT?	

Both	solu@ons	validated	for	a	luminosity		
of	1030	cm-2	s-1	for	107	trapped	ions		

Synchrotron	 Energy	Recover	LINAC	(ERL)		

✔  Rela@vely	recent	technology		

✔		Advantages	of	conven@onal	LINACs		
		+	be[er	ra/o	intensity	/	opera/onal	costs	

✔  Short	bunch	length	(ps)	might	
lead	to	aGrac@ve	applica@ons		
for	a	wider	physics	community	

✔  Rela@vely	well	known	technology		

✔		“Mul/ple	Bend	Achromat”	solu@on	

✔  Low	emi[ance	+	weak	constraints	
on	op@cal	func@ons	at	IP	
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A	european	SCRIT?	
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v	Challenge:	can	we	trap	as	many	ions	as	SCRIT	in	a	smaller	volume	(0.1	mm	rms)?	

v  Simula@ons	with	WARP	code	[Livermore/Berkeley/MSU]	designed	for	charged	par@cle		
beams	with	high	space-charge	intensity	
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è	Gain	of	a	factor	>	100	validated	for	the	test	case	of	132Sn1+	

è	Ongoing	simula@ons	for	a	complete	valida@on	of	the	ETIC	trapping	system	

è	~107	ions	trapped	
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Possible	physics	program	(a	selec@on)	
Ø  (e,e)	elas@c	scaGering	
Halo	in	light	proton	rich	nuclei:	8B,	14O,	17F,	17-18Ne	
Deple@on	in	charge	density	distribu@on	
Luminosity>1029		
	

17 18 19 20

2.96

2.98

3

3.02

3.04

ANe

r ch
 [f

m
]

Ø  (e,e’p)	quasi	free	scaGering	
Spectroscopic	strength	
Luminosity>1030		
Short-Range	Correla@ons	
Luminosity>1031		
	

radii (and consequently of r0) due to different Skyrme
interactions, provided the rms radii of 15N extracted from
(e, e0p) [5] are reproduced. All the other experimental
uncertainties are accounted for by the error bars displayed
on Fig. 4. A rather flat trend is found without the need
for the large asymmetry dependence suggested by inter-
mediate energy knockout data analyzed with the eikonal
formalism [10]. For a quantitative evaluation, we fitted
the reduction factor with a linear dependence Rs¼
!"!Sþ". We obtained mean values for ! and " with
associated errors from a minimization over the 48 data sets,
considering (i) eight combinations of optical potentials for
the entrance and exit channels, (ii) three Skyrme interac-
tions to calculate the rms radii, and (iii) the two above-
mentioned shell-model calculations.

For the WS OF, the reduction factor Rs ¼ 0:538ð28Þð18Þ
(for !S ¼ 0 nuclei) is in agreement with Ref. [9] and the
slope parameter ! ¼ 0:0004ð24Þð12Þ MeV&1, therefore
consistent with zero. The first standard error obtained
over one data set depends on the experimental uncertain-
ties; the second one comes from the distribution over the 48
data sets. Within the error bars, the data do not contradict
the weak dependence found by ab initio calculations, with
!0 ¼ &0:0039 MeV&1 between the two 14O points in
Ref. [7], although the calculated !S is much reduced
compared to the experimental value.

Despite different OFs and SFs, the analysis
performed with the ab initio OF [30] provides very
similar results with Rsð!S¼0Þ¼0:636ð34Þð42Þ and !¼
&0:0042ð28Þð36ÞMeV&1, with calculated !S¼17:6MeV
[Fig. 4(b)].
In summary, we measured exclusive differential cross

sections at 18 MeV=nucleon for the 14Oðd; tÞ13O and
14Oðd; 3HeÞ13N transfer reactions and elastic scattering.
WS OFs with a constraint on HF radii and microscopic
OFs (obtained from SCFG theory) have been compared for
the first time for symmetric and very asymmetric nuclei
and gave similar results. We extracted the reduction factors
Rs over a high asymmetry range, !S ¼ '18:5 MeV, for
oxygen isotopes. From the good agreement between the
CRC calculations and the set of transfer data highlighted in
our work, the asymmetry dependence is found to be non-
existent (or weak), within the error bars. This result is in
agreement with ab initio Green’s function and coupled-
cluster calculations [7,14], but contradicts the trend
observed in nucleon knockout data obtained at incident
energies below 100 MeV=nucleon and analyzed with the
sudden-eikonal formalism. The disagreement of the two
systematic trends from knockout and transfer calls for a
better description of so-called direct reaction mechanisms
in order that a consistent picture of nuclear structure
emerges from measurements at different incident energies.
The authors thank N. T. Timofeyuk and N. Alamanos for

enlightening discussions and P. Navrátil for providing
evolved two- and three-body interactions relevant to this
study. This work was supported by LIA COPIGAL and
POLONIUM PHC under Grant No. 22470XA. Theoretical
work was supported by the UK’s STFC Grant No. ST/
J000051/1.
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FIG. 4 (color online). Reduction factors Rs obtained with (a) a
WS OF and the SLy4 interaction [31], averaged over four
entrance and two exit potentials, and compared to shell-model
calculations performed with the WBT interaction [37] in the
0pþ 2@! valence space; (b) a microscopic (SCGF) form factor
[30]. The detail of error bars is given in text.
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Conclusions	

v  Short-Range	Correla@ons	program	carried	on	mainly	(but	not	only)	with	electrons	

v  Exo@c	nuclei	demands	the	use	of	proton	target	in	inverse	kinema@cs	

v  Ongoing	programs	in	the	mid	term	with	protons	in	inverse	kinema@cs	

v  Long	term:	electron-exo@c	ion	collisions	


