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State of art of ECR ion sources

2. Main parameters of the traps for production of

highly charged heavy ions
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Geller’s scaling laws
High B mode concept
Experimental evidences
Frequency tuning




§ it T Magnetic system and frequency role INFN

> 1987 Geller’s scaling laws:

|l cw?M™ Jope < log(B™)

> 1990 High B-mode concept Bmax )

14GHz, 18 GHz, 28GHz confirmations Bccr

> 2000 Ecris standard mode/

18 GHz \ / 28 GHz

B, ®3Bgr  Or moreif possible B —63610 | (B.. —9896G
<Biag 22 Bggr (0N plasma chamber wall) /By =1.9T | By 23T
" Brg =1.3T
B ® By competitive process... 5 o1aT :fa" 222TT
\ ext = -+ / K ot 2 /

Use of SC or HTS coils is mandatory for last generation ECRIS
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Frequency tuning
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Some freq. are coupled with

Minima of reflection Often to resonant modes

- coefficient are cavity correspond current’s
modes. peaks

But...
it is not a rule!

mmm) cavity but they do not match
properly with plasma!!!

L. Celona ,REVIEW OF SCIENTIFIC INSTRUMENTS 81, 02A333 2010
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The pattern of the electromagnetic field

influences alsoithe plasma density distribution
: Plasma density distribution in
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NOTE that the plasma is almost completely
confined inside the resonance surface
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§ it e State of art of ECR ion sources m

3. Technology of SC-ECR ion source

Higlh performance Sd}EICRIS
| -jqy heat load
I3k ils

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




@ BEDE mee e Pioneeristic work <
The First Multicharged ECR lon Source | SUPERMAFIOS 1975
« Invented at CEA Gren-:ll':lla by K. Geller

vl 3 MW modilied {usson
macihins (CIRCE) 1o
Erieadic® MO0 Desgrris

« The kegord saws that,
a1 frst poraval Sarbching
i alectncal Biack oul
coiEed o thall of
Granable cibyf

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




n 3 l.|'|'-"-,_.'.:- S—— S R R ST TI TP E PR PI Oneer|St| C WOrk INFM
» SUPERMAFIOS, a Two Siage ECR lon Source

= Tha &% ECRES wits iy b (F T afd Teamasid &
certpisiod s wiage ECH plaama

= Siaga 1 Fagh eededncy, Fgh Fassars PR B N
Ade-dryrain uigihie Tl 35 préalle e 80T

+ Piasma ddfuseon Debvwean iRxja 1 and sisdpsx 2 mn
et o it

- Saga 2 maen plasma hiiie® ol 8 O Bpepelnady B
ol S SR Vel CTUe s Sl ot B (Tien A
LT U Tl Tl R R T VT S
EroreaciTH] goand pordmpiTan] e e e

= The e N et wii GO vy 1 dairy fros B
Land magrets rmann paak, (e o (et |

Fag- 0. 1) Cea mpxcign: 3 Wave guice for RF, (1% Cital
Y UHF caviy - wmre of pieima 10 e iegecied; 41 [T
Foies . I Wasvt gidds B R Fyg (0 GHELE &) AddwTilil il Sodss (OF
hos plaama, 7) Helspele Besd cods; 8} Kadal mamoe bBdd
91 Al magnetss beld ; 107 o= eniracibeos: 11} Y &Eoum pamging;
Lif Betzaaia®™e (araday o) | Y Job ibuishinir mitasertisal .
14} Wien filler; 1) Usargy snslymr. 6] Diomsgnes oy
I’ Microwgyy | mm Emrlprometer [of demily mEsuUTmens ;
IEj Boyltiam wmdow [or X ray oeaaereosmia

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020



@ i —srumesme= The 70's&80's: First Generation ECRIS  ¢INFN

* MINIMAFIOS - ECREVIS- LBL ECR ...
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The First ECR beam in

A cyclotron was
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« |mtermational competition for resulls was already thare!
» First International Workshep on lon sources in Berkeley
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ISl " Brmils i

-} MAIN Issues:

.  Beam Transport losses

* Plasma chamber cooling

* Increase of X-ray heat

—a ‘f S load in the cryostat

Focusing Solenoid
Magnet gap=54 mm
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VENUS SC magnetic system {INFN
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Plasma electrode

el .| D. Leitner , et al, Proc. Int. Workshop Water Cooling Grooves )
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Water Passage

Strong X-ray heat load
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= 2381 Intensity

500 o e Y33 = Up to 8.3 kW Coupled to the VENUS ECR ion
o 1L o . 1ot source
00 1] _\ﬂﬁ ________________________ e 28 GHz from gyrotron: 6.5 kW injected out of 10kW
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5 i - ~4d-4-}+-}--
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NS - transmission of 55%
+ 250 T , : : : L
S ol Ll WL = High intensity production was maintained for
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O ol Lt AL L = New record beam intensity obtained with VENUS
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Q e I ecr
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34 445 13.1 34 400 11.76
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SECRAL Mechains
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Sextupole-in-solenoid:

© Efficient use of the radial field (minimizes
the peak field in the sextupole)

® Solenoid field causes strong asymmetric
forces on the sextupole coil ends.

® Bulky magnet size and cryostat

Solenoid in sextupole:

© Minimizes the influence of the solenoid
on the sextupole coil field and forces

© More compact. Lower cost.

® Inefficient use of the radial field (larger
radius, higher field in the sextupole coil)
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23833+ 162 epA at 3.1kW+0.7kW with 24GHz+18GHz
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SECRAL beam performance CINFR
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@ BN s SECRAL beam performance <
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R — SECRAL |1 {INFH

- ~
GM Cooler ~. Vacuum Vessel

/
70 K Shield /

l

\ HTS Leads

He Reondense

\ /

LHe Reservoir Warm bore

Cold Mass

Quench
Protection

5 X RDK-415 D

. Sumitomo .
Based on SECRAL Design -

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




@ Bz o SECRAL 11 requirements <
3 —

SECRALII n FECR
24-28 GHz » 45 GHz

g
100 KV HV g 100 KV HV
e
o

HIAF requires source to o lon source be able to
deliver: 1Y . produce:

Pulsed 30 ppA N i—a Pulsed >50 ppA
238| 35+ + N 238 Y35+

CW 20 ppA CW  >30ppA

Challenging requirements !!

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




ﬁ SRPTEMSA S o P BA1 AT TS I 10 SECRAL ” m

r' i I
Tube | Compa Bandwid : ECR F . } TEIIERS L
Type th Coupling = ' N
(MHz) Mode et
ey
Klystron CPI 18 50 2.4 TEqq TE,, ' —{
Gyrotron  CPI 28 <0.5 10.0 TEq, TEq - -
Gyrotron ~ GyCOM 45 <0.5 20.0 TEM, TEq, |

Frequencies Main Frequency Max. Power | Used Power
(GHz) (GHz) (kW) (kW)
1 18 18 2.4 1.5

N

2 18+28 28 12.4 12.4 Vv

3 28+45 28 30 7.4 Vv

o . 4 18+ 28 + 45 28 32 7.3 Vv
Quasi-optical>Oversized WG of #32 mm TE,

5 45 45 20 4.0 v/

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020



@-'EI-'- . Pl e R | AT 1 s 1O SECRALII CI‘I‘.'-I'?F-I

Very Intense Beams (emA)

“ VENUS -2017* SECRAL -2016 SECRAL-II

O Linacs 475
42+
. 16.7 epA Xe O Synchrotrons o™ 1.95 0.81 1.75
- o 0¥ |:|""I Ard* / / 1.75
w | ' Arte 1.06 1.42 1.19
E”’ | = 4 Kris+ 0.77 / 1.03
| ; i i | I Xe20+ / 0.5 0.82
| Iz | )
I*' | f Highly Charged Beams (epA)
} 1 - Arl7+ 120 50 133
o | Arl8+ 4 / 14.6
1 ‘I. ’|J'h Kr28+ 100 / 146
g L - LA Kr3t+ 17 / 7
K| & i
33+
45 + 28 + 18 GHz G / / 0.5
O Cyclotrons Xe 38+ 26 22.6 56
O HCI Physics X 6 2 57
Xe?s+ 0.88 0.1 1.3

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020



RIKEN 28 GHz (v

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020



g i)
= i -
" i
i ) -
-l = -
=0T sp>Iclassic
Il ]
¥ " (R
L

OF e & L]

= Nea, - e
i 1l fiiai ifdj RiEj |im s

Flexible magnetic field (from “classical” to “flat “ B,;,)

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020

Higher Bmin
improves CSD

Gentler grad
gives larger
energy to el.

Ex., “Flat B, “ structure
G. D. Alton and D. N. Smithe,
Rev. Sci. Instrum. 65 (1994) 775

| ECR zone size, field gradient effect
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@ LA T ECR zone size, field gradient effect m

* With same Bmin and magnetic field gradient the source has better perfomance when
tuned for larger ECR surfaces

« Slight change in the magnetic field gradient can significantly change the ion beam
production when the ECR surface and Bmin are not changed

« X-ray heat load strongly depend from ECR surface dimensions, magnetic field gradient
(similar observations at NSCL-MSU)

mmmml- Flexible magnetic field structures important to optimize ECRIS performances

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




@ S s X @ U 10N beam production (28GHz) {INFH

Xe2b+ U35+

Sputter method

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020
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X-ray heat load |

Higurashi et al, RSI 83, 02A308, 2012

D. Leitner et al, Proc. Int. Workshop
on ECR ion sources, 2010, Grenoble

. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020

Strong X-ray heat load

|

Higher B,
Low gas pressure

|

Intense beam of highly
charged heavy ions




@ S0 e Outline <

4, Directions to Future

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




@ oo T Fourth Generation ECR lon Sources <

Confinement criterion
e 3rd Generation f < 30 GHz (B, ~35B.; Onaxis
e 4th Generation 30< f < 60 GHz

N\

B, =2B,z ONnaxis

|B.q ® By at wall
Exceed the critical_current nf |
28 GHz 36 GHz 42 GHz 428 56 GHz
T [ ] a e
Biy~ 35T Biy~ 45T [ B~ 53T B~ 7 Tl
Bexi= 2T Bex= 26T ?:ext: :3:_-!:'." LK Bext:ﬂli
Brad: 2T Brad: 26T Brad-z 3 T: i Brfad:.. 4-' T

At > 40 GHz magnetic field is a significant challenge and
requires Nb;Sn superconducting magnets

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




@ e T Fourth Generation ECR lon Sources <

= Gyrotrons at 53, 60 and 70 GHz at 200 kW for 100 ms can be run at 30 kW
cw. "No problem” to extend to 50 kW cw.

= Power requirements and chamber cooling

> The heat deposition on the plasma wall is highly non-uniform and ‘burnout” is the
major concern.

Bremsstrahlung heating of the cryostat will require significantly more
cryo-cooling power.

ired |||'I.I. kb |
-

5 : >28GHz
%% s 10kW RF power We need higher cooling power (>10W)

L \ 4
i i g :I-I .. ‘
o - ~10W heat load (28GHz)
. - GM-JT cryo-cooler (~5W at 4.2K)
- FL R

=1
|
-
E ]
L

" el |I:||I|r_-|-'.-|.|||l||'|'| I

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




@ S T Why is this the time to develop a 4% INFN
Generation ECR lon Source?

* Heavy ion driver requirements are beyond the reach of 3" Generation Source performance

* The R&D time needed for a new generation source is quite long. Example: VENUS (9 years from
proposal to 28 GHz operation)

* High Energy Physics is driving the technology for Nb3Sn magnets—LHC upgrade—

Nuclear physics can take advantage of these developments

* While the magnets are the most demanding technical challenge—The design studies show it is
feasible to build an 4 Generation source at f 2 50 GHz

» The cost of such a source should only be about 2 or 3% of the cost of a state-of-the-art Rare
|Isotope Beam facility

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




@ BN s FECR: first 4th generation ECRIS by
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L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




@ SEEE e IMP CAS - FECR iR

o Nominal engineering Nominal wire Nominal peak Load factor
Key parameters — Intensities expected current density current field
‘Te (A/ mmZ) Ie (A) Bpeak—n (T) (%)

Microwave 45 GHz/20 kW

Sext. 320 654 11.3 75.9
Magnet conductor Nb;Sn Inj. 365 692 11.8 78 2
Axial fields (T) 6.5/1.0/3.5 Mid. 200 380 5.0 36 5
Sextupole field (T) 3.8T@r=75 mm Ext. 330 626 97 67.3
Maximum field (T) 11.8T
Maximum stress (MPa) 150 129X g30+ >1000 pA
Magnet bore (mm) >7160 129X et > 50 pA
Stored energy (MJ) 1.6 20931+ >1000 pA BmJ-> 64T B, =35T
Extraction (kV) 50 209Bjj55+dd > 50 pA
Typical beam 1.0 emA U35+ 238| 35+ >1000 pA . w

2384 > 200 pA Bnia= 1.0

238u56+ > 30 "A

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




@ SAENZY s e Nb3Sn Sextupole coil CINFR

316 LN SS
Iron+Ti alloy Coil end plate
Pole S - g
= ‘ Coil winding

Pre-curing
i ? H reatmen
. G10 eatt_eat ent _
Coil insulation plate Epoxy Impregnation
Coil insulation check
Extraction endshoe Coil cryogenic and quality test

C5100 Alloy

(654 A@12 T)
Sextupole Coil

I
C5100 Alloy O\

Injection endshoe

G10
Coil insulation plat&

Coil end plate

316 LN SS

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




() S oo 45 GHz quasi optical coupling Tra

B W Yo IELHAL
WK b Ml S

Cryrodron

Gwotron T i (NKOL]
pectpek wradore § 006 mm

Total efficiency of quasi-
optical transmission line
and mode converter Is
about 97%.

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020
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28+ 45 GHz, 3.0+2.3 kW 28+45+18 GHz, 5.0+1.0+0.85 kW
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n '-l.|'l'-"-..-'_:' T L T R[S TES I EF T LBNL _ ECRIS 56 GHZ dr."l_:?.

e Two 5 W GM-JT cryocoolers at 4.2 K

e One shield cryocooler 6 W at 20 Kand 120 W at 77 K
e High Tc leads

e Static heatload 1.5 W

* Magnetson+0.15W

e Warm bore 170 mm ID

Lt B o Poiilard 1 H1 mm (L)

|
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@ B s LBNL ECRIS 56 GHz <

Starting point—VENUS Geometry
Frequency---56 GHz (twice that of VENUS)

-

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020
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""Operational condition at 28 — 42 — 56 GHz

(Binjectiony = 3.5 Becr)

—@—Sextupole
——Solenoid (injec
=== Nb3Snat4.2K

- = NbTiat4.2 K

_ \ i i
tion)

_______________

\)

Nb;Sn critical current

““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““

Peak field = 94% of
critical field

Operations at no
more than 85% are
expected for stable
operations.

Margin easily
increased

Total field (T)

12

14

16

18

INFM

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020



@ G secmnrciom “"“Sextupole and solenoid e.m forces
Deformed shape

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020

Displ. scaling = 100

<




@ i s 3 analysis with real structure <

= All the components of the
impregnated coil bonded

> Both sextupole and solenoids
= QOutput
» Peak stress --OK

» Bonding tension between turn
and pole
+ <20 Mpa--OK

N

Sextupole displacement
X 100

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




@ Bz it Magnet support structure <
Shell structure and keys to prestress

* Primary mochanikal vapper! is provided by a thick Alumanum shell
= Assembly {warm) pre-bosd by pressured bladders and imerference beys

r Preslomd incresse ol ool S0 due B0 shell voke difTerential conmacthon
" The cih fessain in cofrpeiiaads up Wy the Opcralisg pounl

Because of large e.m. forces acting
on the SC material, the magnets
require precise control

of the preload in order to minimize
conductor motions at 4.2 K.

S. Prestemon, F. Trillaud, S. Caspi, P. Ferracin, G. L. Sabbi, C.
M. Lyneis, D. Leitner, D. S. Todd, and R. Hafalia, IEEE Trans.
Appl. Supercond. 19(3), 1336 (2009)

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




@ N s MY nEW approach to 4th generation ECRIS {INFN

|
Sertupole coll > One body wound closed loop multipole using Ioffe bars.

M.S. loffe and B.B, Kadomtsev, Sov. Phys. Usp. 13, 225 (1970)

6 rect. bars

All of the Azimuthal Currents Flows in the
same Directions!

No Repulsions between the Solenoids and
the Sextupole Ends

Injection coil Middhe coil Extraction cou

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




Classical hexapole structure of 6 racetrack colls

* No Axial Field Contributions due to the opposite end turn
currents

1'1"‘; W « The alternating current flow interacts with the axial fields
: | r resulting in a set of strong radially outward W1 and inward W2
(| e, forces, as well as axial repulsions and attractions on the
o solenoids

Sextupole ends have to be axially extended

Bulky magnet and cryostat, higher radial repulsions

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020



§ i s Rectangular loffe bars yields better form factor ¢ INFN

F.iywivalent
Magnel Pole  Racetrack Coil Vagne
syriade : Pale Surface
- Equivalent ;
I.im Current / !E_.g'- ! Equivaleni
Liur-r. urreni |
Cireul d _ ., Mulitateral _.
it = loffe Bar Hexagoanl .
M. ( |'|ul:|1|l-||'ra- PL |:|:LI:HL'L|:'F : “Rectangular
Inner "-uﬂm-rf ' lnmer Sarface | '\ lalTe Bar
“apnct * Pole lron i
Ceap Sarface :.[gfr:r:'m v Irve
Racetrack Coil 4
(@), Tvpleal sextupole of (b} New sexiupole of
six racetrack colls. six rectangular bars.

Under the condition of equal field strength at the magnet pole and gap surfaces, the rectangular bars can be
designed with shorter distance from the bar center to the gap surface.

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




@ RIS s e Closed loop sextupole <

b 01 e 1

HERR N

4. FeEml i

’ e Ll BL

- Ty ri
g
The closed-loop sextupole axial _ izl
contributes almost 30% of the WIRE TENSION ISSUE o
injection and more than 50% of 04|

the extraction mirror fields. e~ z ~ ~—

& [mEmE

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




O s mmsmnmes CUrrent Loading of NbTl and Nb3Sn Wires ¢ INFN
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@ Bz T The new magnetic structure L

'l-!tl I'I'I'Ill.'l" solb Iromn F'l:'ll.'

Ficsapamal X
5511 Halhis ] £ uld limn

= = wewmEw w e
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and X-rav Shirlding

Mlenagondl 15 s ey lupake I!|_|||
{ hambsr Imjection % il e
sademold Coll : AT
Bold L0 Sulenodd ol Sohenabd ol

Pro: A very promising new magnet Cons: Needs a stepped cryostat with
structure for higher-field ECRIS with partial hexagonal warm bore and plasma
many advantages over the existing chamber; Complexity of the new sextupole
magnet structures winding

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




@ i e GAS MIXING (v

Gas Mixing
« Discoverad at KV (Hofland)

« Add He or O, gas helps improving high
charge slale production m an ECH lon
SOoUrcE :
= Ugignily He 8 used for moong wah  alome .

P Sias S G (O) RIFEE. A B
« Unually O b= usad to miking wilh heayy masses - "
As=16

« The extra O or He injecied s used as the i

main buffer gas that sustains the plasma '

« The other compound o be highly lonized is
inpected in low quanbty with respect to the
buffer gas .

« e charga slalte disinbubon of the atom o .r_.‘_'::1||i
inlerest shifts fo very high charge state (eg o
fully sinpped Ar'*" beam) e i

Py g CraE gE DR s T LT T Gl Pl i rmrgpa

ol Pl o

'III. I .I'
Wi g YRULY LY

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




@ i e Condensable lod bean production in ECRIS [INEN

« The high plasma densay of ECH ion Sources feahwres a Crvan lechnigus
shorl mean free path for 15t onezation of atoms: e— :
|'I.|'|-:||| i = 10em q'ﬂ..
« On Might ionization of condensable or mefraciony alem can AT
be performed by severa lachniques in ECRIS _
v Chen technkque. An mnislce oeen =B msaded m frorm of the ECR Sputlering techngus
pEEma and hodiod up o bd lemparabadd & which a Conduns alig ' o=
I O s Lol Wil e : ﬂ'
+ Sput technique. whan the evaporafion ahurg ks

urrsachable & sample of condenssbic & irdhod mskie (ko
plasma which spatiers the madennl Thit sampdo can B Reaiad (0 -
negative voltage 10 iIncronsé spulbering ol Hot Wall e

» MIVOLE technlgue (Metal loms brem ViDistle Compounds)
corcdorinble atonrs e chamically insaied n an orgamc.  mobnculn
that i gasesous under vatuam The gas diff mas (o the plasma

» Wall hesting 0 &5 Ccomplemaniary of Cen oF £ NG bchieguo
A refractory cindncal malafiic iner (Ma, Ta, W) & placed arownd

th paiama ChamBer willh & vtk ormesd inberac on with The wikdes
cooled wall. Tha iner lempesaiure noraases due to RF and plasma -

heating The stickirg time of condonsable is reduced, which aliows  MIYOC o » e
wall recyciing and improse thn global lonization officiency, o £

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




@ i s production of metallic beams CineR

Metallic ovens for ECRIS
+ Massive neslstive oven

Tl nacdss & theethy B npagies] npsaaar
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O S e e Production of metallic beams

Metallic ovens for ECRIS

» Hesistive Filament Owvan
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@ i s production of metallic beams <

« Metal consumption—=0.1-10 mg'h depanding on the tuning and
the source
» LONSUMPion 15 a condérm when axpensive elameanis ke *“La 15
I"l."|:||.:|Z"E-|-L"-:|
« Glabal ionization efficiency of oven is ~10%
« Hot liner Recycling helps to reach - %

* Run duration ~days lo ~weeks depending on the crucible
volume and the metal consumplion

Llaeriuem Sl g Slce
el O e pldisena
Ao o make U beam
Cn SECHAL

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




@ BN s Production rate of Rl beam (’j'rm'l
1+N+ Method in ECRIS | i

e B H

» Diesdicated 10 Radioactve
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» [wented oy A Gellar af Grenobile
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- Production rate of Rl beam

ECR Charge breeding as a plasma probe

* Evidencea of step by step lonization process in the ECR plasma

: ma - 1 . MEII"“
o eckion Charge Breading time=
p b for 1+ — M+ lonization +
I P Tima for plasma escape
Lcormhnamant lims|

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020
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@ SR s ke Beam Extraction from ECR lon Sources

s The kn beam s éxiracted by selling he plasma chambar to high wollage
" Vo= 15-60 kV

- A plasmia elecirode = closing the caviy on the exiraction sade, it 15 equpped
with a cecular hoba with diameter @~5%13 mm

« A puller electrode, sai 1o ground polentad, s placed In front of the plasms

glectrods
« Tha alecinc field in tha gap Jd enablas to sccelerate the low enaengy ons from
the plasma whia hol & ara repallad back o the sowrce

pround eleciiods : « pullar »

Plasma Toward tha
Hecirpgn ALcelaraiod

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020
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@ s s 00 Extraction from the plasma CINFN

Fiasma
« The plasma polentzal is ¥, > 0 {usually =5-50 eV} Piasma alacirods
« The plasma menescus s the natural curvahsre of Sheath
the plasma in front of the circular elecirode hole (mon meutnsl)
« The plasma memsscus shape is nol predictible. A Ve + F, Vi
CONCAVE MEeniscus 18 oplimum for ilon axtraction
« The ions ara exiracted from the plasma shealh
{non neutral area, see appendix)
« The ions incidant vedocity in the early sheath can
be modelized by the EI-:urrI'!llrm -:n!erl-nn.:.l bl
g MEScus
o o= ST, S,
« lons extracied have escapaed the magnetic mirror,
s0 thair initial velocity angle & with respect o —
F are distributed n lEI'l-El loss corse ned by the
Aogal Mirrar rabd K s H st f P
"y = voosl Eleciric
Fenld

gl T o
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' BAPIE NS St o PO L LT O

+ The hit @lechrons of ECRIS play an mportani
fole n the ity beam formation, when the ong

upe vy O energy

* HOt plctrons (KT, =1 = 5 kel ) pongtratg ngs Sha
axtraction gap and nevirplize partady tho spato
charge mduced by the lofs, wll a poenl whis's
they afe feflaclind Dack Bf i S0wirce

+ The slechion densly in the ECR plasma shoath
= usualy approximplod by the Boltrmann
dralributson funchon, Msuming & gaussian
sciron dsbnbailion funchion

AW Ld e N o= F g

* Ny ™ Qg
‘g 08T HOCERTn dersty B rautral | plaseia

= ek s e ooe pobenhidl o positios F i the
iy area

« ¥ pmtha piesna polontial, 1, tha High VYoliage

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020

Hot electrons contribution to the emittance INFM

Hiil edicindhis rispeded Ly IFe
Ehi=tn fianld
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@ i e Eyample of Extraction system nn

* ECR lon sources usad 1o extract 1-1-2 mA of lon beams, with a low
drvargence and neghgible space charge affacts
» Classachal anirattion fadlene dede Sysam wilh a plasma slecirode snd & grourdad
pegther (&% showr sariar
« Mew ganaration high perfformance ECRIS praduce high mlansity baams of
misticharged ions: the total currenl extracted ncreases (ypically 1o the
range 1=Z-20 ma whene the space chame 15 highly dominant

« ECRIS axtractor was modified o a Tricde system used fo decades im high
current 1+ sources 0 kY

« 30 kY -

My, S s
i rtpaprnates] op

=119 -5 kY T .

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




# BAFIE™NSA St e P B LT 0 Beam transport and Separation CI.I':I?F-I

el e LY

v Thit ECRES besena are compised of sieweral
charges stales of sederal olomic speces. Theses
Disemie ane axlratisd ol lI:l;'EU'II!l". Bl Hhssr
Pkt & i (e fange ~10-30. A beding
magned with & mass separation Y7, =100 s
necesapry 1o cleanly separale the baam of
miprast from is MO nmghbourn

« The dramalc maraise of el Cuiminl exdrsched
Eroery foday high peflormiance mulicha ped §
ELCRES (=320 MA) riafintes 8 deckecaled high ol -
parformandg Low Cnengy Beamn Transber Ling,
usually squipped of loas! with a focusing Isns

right at the exit of the source, a large = | 5 i:_'.'._:."..'.:
acceptance beam boa (@ 2100 mm), and 0§l | | | wEna Ly
larpn benching magret | =100 mm verfical gap s bt i | | ey e o
and a large <300 mm hdrizonthal apertone | |l 1 _.:_'1

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




Production rate of Rl beam

C. Jiang et al, NIM A492(2002)57

Additional accelerator

new structures, etc.. )

5 ~20 §n? | ¢ al Lozl Lur:r:.. a ".'LI
i . 200MeV/u
It : .-
" ]
iy [
| Ll
20 §F TF {| =* 400MeV/u
: La*
E oy
~5 : i ." » S B e o
CNO(;\Q;I?UC(:;E)giCIEt E‘!. -1 i - Construction cost
<10M US$ i E L several 100M US$
o : .-"". v 1 5"
l ,.- \-. FI
[ {
5 :|'. i ‘l / L
Need development !!! |
(new techniques, " 00 1000

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020



@' ' i e Therefore.... m

= As Geller predicted, frequency scaling
promises us higher intensity and higher
charge states

= The design and construction of a magnet
structure for a 4th Generation ECR is the
most challenging task.

Fourth Generation ECRIS: an old idea!
- \ “... we propose a bolder extrapolation.
B f ...With a 56 GHz generator,

Father of EC RIS TRIPLEMAFIOS should

furnish up to U>%* jons!”

Richard Geller, IEEE-Trans NS-23, 1976

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




# SAPIENSA - = PUECA i | LT T B O BUT m

Laboratory magnetoplasmas in compact traps are historically used for ion beams production

Ton Beams
Production

Fundamental Ultra ¢
a Compact p
plasma negative roton Source &

investigation "‘“‘Wiﬂi

Anawiie|od 44

Laboratory magnetoplasmas are suitable and interesting for other researches

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020



#-'II'-.'I : T — BUT... Cl.l':lf?;-l

In stars, matter is in the plasma state, with temperatures ranging from
thousands to hundreds millions of °K, implying that the atoms are

strongly ionized,;

s and r-processes branching points depend on the “competitive”
rates of neutron capture vs. B-decays; However...

Reaction rates are typically measured in lab and done on neutral
matter!!

Possible modifications of B-decaying radio-isotopes lifetimes is
however expected by models in strongly ionised atoms!!

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




ﬁ-.-.ll'-.'l : e e O PANDORA m

= Solar nuchecsynithesis OCours An-phasma

« Primordial nucleasynbesis occurs n-piasma

* f-process nucleosynihesls occwrs in-plosmo

« Yitthle to X-ray radiation is generated in-plosms
« Magnetized plasma in stars is extremely pecular

But on Earth (or undenground at LNGS) we perform
nuclear reactions and decay rate messurements
by using solid-gas-liquid samples
e ——

To be investigated

"Be half-life hos Asver been meaiured in-plasma

The PANDORA goal:

wmumwmmmm#rm
af mairation stafes
- ST

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




@ R remr— T collapse of 187Re lifetime CINFR

BT Pela]
j G 5
gaitng [ T T e——
1= r rie= | g i
i W =
lemlid I - e g S ..
e | L L el @
= - Wl § |
:_l'_ IlemITi I - --.l'l_. i. ::.::: : n
:: lorif® : "'.._. - i
| = L= I ..'-.__-'._'; i
o) 1& i 1
ey .--'i"'-lL | c - o o
N For 187Re a lifetime variation of 9 orders of
' magnitude (I!) was observed in Storage Rings
1 _
valoo lead to a halllife of 42 x 10" ¥, For fally sondsed "™ He the contimmem 37 decay

T ie forbbdden (pDogative Q) volie), whiteas bound-state 0 decay with ithe electron
haound im the K abell bocomes possibde The dominant decay heaneh, a nonenbqee
|'|I;-_|| ﬁu:h'!“h-" Linisilion |”=|-| It“ “[ 1] ri.-!'iﬂl sfgfr - : -
encrgy. This offect draimatically decreases the halllfe of bare ' e, a8 measared
at thet ESH (s next soction), to 33 v anly. The figure Is takon froms [43]

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020



ﬁ-.-.ll Lor R e e O HIE=ISOLDE m

Half-lives of "Be in different atomic charge st

A icsrgds L cddade e "Eiue” Segpuowlional Db Lle of "B poe koo it ittt doms cnpet sl
|

L= | !l- alinns we mpamEl in o

‘Be, %Al lifetime variations at different
atorage ring facihity at HIE-ISULDE charge states are among hot-topics for

Technical Design Report ‘ HIE-ISOLDE storage ring

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




§ it e PANDORA conceptual design m

« A “"buffer plasma” is created by He, O
e 3 or Ar up to densities of 1013 cm-3

« The isotope is then directly fluxed (if
gaseuous) or vaporized by appropriate

r ovens and then fluxed inside the
F chamber to be turned into plasma-state
F « Relative abundances of buffer vs.
isotope densities range from 100:1 (if
l‘_ . Freapoiy

the isotope is in metal state) to 3:1
Weirm o
Eriprfereflanmatn . il

(in case of gaseous elements)
The plasma is maintained in dynamical equilibrium by equalizing input fluxes of particles to
losses from the magnetic confinement

W-r YK

L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020




Qe = pANDORA multi diagnostic setup Rl

* Mass spectrometry: evaluation of CSD
= SDD: probing volumetric soft X-radiation in the 2 — 20 keV domain

« HPGe: providing time integrated X-ray spectrain the 30 - 300 keV domain
VL camera: probing volumetric optical radiation in the 1 — 12 eV domain

 Pinhole camera: providing plasma structural in the range 2 - 20 keV

« RF probe + Spectrum analyzer: plasma radio-emission analysis

e SRS

[T T R N e « Wlmitimmaam of | s '.I_.'- T
AR ST 1L i that sinds Laizamals 1 UL il REC
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Thanks for your attention |l
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