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EMMA in ISAC-II
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R TRIUMF

Nuclear Structure at the Extremes

@ Single-particle structure at extreme N/Z values, particularly at
and near closed shells (single-nucleon transfer)

@ Pairing interactions in N ~ Z nuclei via (p.t), (He,p), (d,a), (t,p)

@ Production and decay studies of highly neutron-rich nuclei via
multi-neutron transfers, e.g. (130,150)

@ High-spin physics in neutron-deficient nucle1 via fusion-
evaporation reactions (including isomers)



R TRIUMF

Nuclear Astrophysics

Direct Studies:
Radiative capture
reactions
(a,n) and (a,p)
reactions
Time-reversed (o.,p)
reactions
Indirect Studies:
Spectroscopy of
unbound states
Particle-decay
branching ratios




R TRIUMF

Defining the Problem |

In transfer and fusion-evaporation reactions, Spectroscopic
information obtained from detecting light ejectiles and gamma rays

Interpretation of spectra complicated or rendered impossible by
background from other channels

For transtfers with light ejectile detection, kinematic lines obscured
by diffuse background

For fusion-evaporation, gamma spectra contaminated by lines from
other nuclei, frequently produced much more copiously than the

nucleus of interest

Direct 1dentification of residual nuclei required



R TRIUMF

Defining the Problem li

Use of particle detectors to directly detect recoils complicated by 2
problems:

¢ In both fusion-evaporation and transfer reactions in inverse
kinematics, heavy recoils emerge from target within the
cone of elastically scattered beam particles; for sufficiently
intense beams, these detectors cannot count fast enough

For heavy recoils (m > 100 u), energy resolution of these
detectors 1s 1nsufficient to permit unique identification

¢ Recoil separator needed to separate recoils from beam, identity
according to A and Z, and localize them for subsequent decay
studies



2 TRIUMF

Requirements

@ Must be capable of 0 operation with good beam rejection

@ Short flight time will allow study of short half-life
radioactivities

@ Good energy resolution 1s not helpful

@ Energy and angular resolution of detected heavy recoils
insufficient to resolve states for A > 30 beams

@ Energy-focussing operation desirable

o Large angular, mass/charge, and energy acceptances required
for high collection efficiency

@ Angular acceptance should be symmetric
@ At least 2 charge states for sufficiently massive recoils



R TRIUMF

Acceptance and Resolution

© Angular and energy spreads largest for fusion-evaporation
reactions ($2 ~ 10-30 msr, AE/E ~ + 20%)

@ Angle and energy spread not independent

@ To take advantage of large angular acceptance, need large energy
acceptance

o Large energy acceptance requires minimal chromatic aberrations
to maintain resolving power

@ Mass resolution requirement set by single-nucleon transfer

reactions 1n inverse kinematics: must have first order resolving
power M/AM = 400
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How About a Magnetic Spectrometer?

— ; | 133 . —
10 —— 7°Sn Recoils
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Magnetic Rigidity (T m)

d(132Sn, p)133Sn at 6 A MeV with 100 g cm2 (CD>), target; smallest achievable
beam energy spread; protons from 90-170 deg in lab 9



R TRIUMF

EMMA: The ISAC-Il Recoil Spectrometer

e EMMA: recoil mass spectrometer spatially separates heavy products of
nuclear reactions from beam & disperses according to mass/charge ratios

* 4 magnetic quadrupole lenses, 1 dipole magnet, 2 electrostatic deflectors, 3
slit systems, target chamber with integral Faraday cup, and modular focal
plane detection system w/ PGAC, 1onization chamber, and S1 detectors

* Magnets and deflectors from contractor, other components TRIUMF-built

10
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Elementary lon Optics |

® Reference particle with mass mo, charge qo, and
momentum po or kinetic energy To

® ]on optical coordinates: x,y

P Py
a="2n0b=-"n¢
Po Po
m m T 1
qo q qo
Op = ————>and Oy = T
qo q_o

Xp = X (xl-, V., a,b;,0,, 5T) .
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R TRIUMF

Elementary lon Optics |l

® Notation:
axf
(x|x) = e (x| xy) = 0,0, Xs, etc.

l



R TRIUMF

First Order Optics

® Mid-plane symmetry in non-dispersive direction
implies terms linear 1in y and b vanish, so to 1st
order

xr = (x|0)x; + (x| a)a; + (x]0,)0,, + (x| 67)07.

® Spectrometers use quadrupoles and magnet edge
angles to arrange a point-to-point angular focus:

(x|a) =0, so

xp = (x| 0)x; + (x[96,)0,, + (x]67)07

13



R TRIUMF

Electromagnetic Spectrometers

® Energy focussing: (x|o;) =0

® Hence first order equations describing recoil mass
spectrometers and magnetic spectrometers have
1dentical form:

X = (x| 0)x; + (x[9,)0,

X = (x| 0)x; + (x[9,)0,

14



R TRIUMF

Resolving Power

® Resolving power, first order expression:

mlg (x]5,) plq (x]0,)
Rm — — and R = —
A(mlq)  2(x|x)x; PO Aplg)  2(x|x)x;

® [imited by higher-order aberrations; some
corrections possible

® Typical values:

R, = 1000 — 20000 and R,, = 100 — 600

15



R TRIUMF
EMMA lon Optics: Spatial Focus
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9 Adjacent Masses Emitted from Target with Vertical Angles
of 0, £2° 16
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EMMA lon Optics: Energy Focus
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Single Mass, Vertical Angles of 0, £2°, Energies Deviating
from Central Value by 0, £7.5% and £15%



2 TRIUMF

Quadrupole Tests at Manufacturer

Fiel ient in vertical di
e Various properties - (rabe ocation: X<2=0)
of 4 quadrupole
magnets measured . T
by manufacturer: S T T I I
e Field Gradient . . ’ e
o [Effective Length //////////////
e Effective Field b T
Boundary Locations U S o e 7
e Higher Harmonic wp
Content Ay
e Deviation of i
Mechanical and GWL yan e
Magnetic Axes o0 1



R TRIUMF

Quadrupole Tests at TRIUMF

* Field gradients of all
4 quadrupoles
measured as a
function of current
using Hall effect
magnetometer, which
was calibrated using
an NMR system and
the uniform field of
our dipole magnet

e F[ield is measured at
all times using a
reference probe,
which was calibrated
simultaneously

19



R TRIUMF

EMMA Quadrupole Lenses

Magnetic Quadrupoles 2
5 Quadrupole 1 b Quadrupole 4
[enses & 3
Bore Diameter 7 cm 15 cm 20 cm
Specified Effective 14 em 30 em 40 em
Length
AEmETEd I9EINE 13.98 cm 29.98 cm/29.88 cm 40.18 cm
Length
Specified Maximum
Pole Tip Field 121 T 087T 081T
Achieved Maximum
Pole Tip Field 121 T 084 T 080T
SCIRCHBIET 34.6 T m-! 113 T m-! 8 4T m-!
Gradient

20
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Dipole Tests at Manufacturer

e 40 degree o, Prbe ocion: Magnt cuer
dipole N »
magnet’s field /
mapped at //
manufacturer " /

e Removable //
pole shims had /
to be machined //
three times /
before /-/
acceptance //




R TRIUMF

Dipole Field Map Analysis

300

Achieved Homogeneous Region at 1 kG
Achieved Homogeneous Region at 5 kG

200 F 0.0005 0
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Achieved Homogeneous Region at 10 kG/

Contours show magnitude of relative deviation
from central field, (B-B)/By
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1100 .
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-200 & E
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X (mm)

e Homogeneity and field boundary shape at 4 different currents
analyzed at TRIUMF; magnet remapped at TRIUMF

e Maximum deviation from required effective length found at bending
radius of 800 mm to be just under 0.3%; on average better than 0.1%
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R TRIUMF

TRIUMF-Built HV Supplies

® Built 3 positive and 3 negative

® All have been tested to VI =325 kV
e @ Housed in re-entrant ceramic vessels
® Pressurized with 3 bar SFe

YNN8 8 R N R Ry

> 5 -
—— .
)

AU N N N N L N N N h e L R bl L LT s

R Twrvstoromon
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R TRIUMF

Electric Dipole, Mark |
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Electrostatics

High voltage testing at Bruker’s Karlsruhe
factory ended badly in 2012

e (Caused by design and manufacturing
flaws

e Bruker lacked appropriate HV testing
space, so agreed to ship upon successftul
factory inspection in exchange for price
reduction

e |[nspection of reworked parts at Karlsruhe
factory took place in Jan 2013

25
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Inspection Failures

1. The new corona ring assemblies were
not properly aligned.

2. There were scratches on both anodes.
3. Four rectangular electrode covers had
scratches, pits, or protrusions.

4. The field clamp on the exit port of ED2
had scratches.

5. The interiors of 6 HVPS ceramic
feedthroughs had gouges in their
surfaces.
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Electrostatics Shipment
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Electrode Supports
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R TRIUMF

Broken Ceramic Insulators

N VR (. | 'y
o \" & « N W/ e v j >

® 6 insulating supports
arrived broken

® 4 were cracked but still
Intact

® 6/16 insulators had
incomplete braze joints
and 5 more had irregular
appearances



R TRIUMF

Replacement Insulating Supports

4

Redesigned insulating supports arrived from Bruker in
March 2015, passed load tests with no appreciable

deflection %
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e-polished Support Plate
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Electrode Measurements

TRIUMF R Sicom R Bruker R  Specified R
(mm) (mm) (mm) (mm)

Electrode

ED1 Anode 5007.3 4999.2 4974.5 (55) 5062.5

ED1

e 4953.3 4956.0  4958.5(55)  4937.5
ED2 Anode BECYIA 4970.8 (55)  5062.5
BB 4952.0 4953.3 (55)  4937.5

Cathode

|



R TRIUMF

Anode Shape Problem

200 .
150 —
‘e 100
E i
N i Specified Anode, R = 5062.5 mm
—— Anode 1 Fit, R = 5007.3 mm
i Specified Ca , R =4937.
i —— Cathode 1 Fit, R = 4953.3 mm
50 —
O -
-500 0 500
x (mm)

Aligning centres for 125 mm gap implies 124 mm gap for
one pair, 123.6 mm gap for other
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R TRIUMF

Finite Element

Simulation

16/Nov/2015 11:01:57

UNITS

Length mm
Elec Flux Density C/m?
Electric Field Vim

50000000 :J:vcvteric Pot xlt
Eeoy )
4500000 . O MODEL DATA
TOSCh Eecrasate
Semdaton o 1of 1
4000000.0 Siom927 odee
Nodally interpolated fields
Activated in global coordinates
3500000.0 o Coordnates
FIELD EVALUATIONS
Arc ARC (nodal) 3001 Cartesian
3000000 ) 0 g;glgi);!GSZ to ?;3133916 to z=4.052
2500000.0
2000000.0
1500000.0
1000000.0
500000.0

X coord-1000.652 -598.47424 -197.34652 200.135763
Y coord 51.496 54.6196914 25.4090867 -35.946814
Z coord 4.052 4.052 4.052 4.052

__ Component: E, from buffer: Arc, Integral = 8.7473635334383E+09

591.400783 973.917
-129.05102 -253.301
4.052 4.052

Effective field length is 0.25% larger due to anode radius

34
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Complete ED2 Electrode
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R TRIUMF

EMMA Dipoles

Dipoles Magnetic Electric
Radius of Curvature I m Sm
Specified Deflection Angle 40.00° 20°
Achieved Deflection Angle 40.11° 20.05°

Specified Effective Field

Boundary Inclination Angle 8.3 0

Achieved Effective Field

Boundary Inclination Angle 7.93° and 8.67

Effective Field Boundary Radii 3472 m -

Maximum Field 1T 40 kV cm-!

36



R TRIUMF

HV Conditioning

® Both anodes and cathodes conditioned alone to potential
difference of 250 kV with respect to ground

® ED2 conditioned to AV =430 kV, EDI1 has only stably
reached AV = 340 kV so far; after cleaning, noticed that
electrostatic shield had rotated, exposing sharp bolts

37
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Vacuum Systems

\ [usrilfisac2/edl/emma_vacuuml.ed

3.90e-10 T 218e-10 T  PLCReset |
R | T 1 e |
427e-08T (X)) 0001 T 4.72e-09 T 0.003 T 41%e-03T  AHEA oot
e e r EEEEF S
EMMAIV10 [ emmaivao | [ emmaivso | [ emvaivao |
o | [_?[Az e
| — X -

MD
| SEBT3B wac GAS

EMMA GV10 GV20 | EmmaGv21 |

T | el 7 D (e e | e |

EMMA.TP10 (I TN () ) EncEE  EDDEE ) O RS

e 1 @ Ciile i @ &V o el ©F C@F o

T | | T | ' 00037 [ 1 e | : 0.000 T
| EMMARV21 |
T | Il e |

T EEEE OO ETTEEE ()

0.006 T 0.033 T O .| 0.004 T O e |

EMMA Vacuum

® Typical pressures in 3/4 vacuum sections in nTorr range; 1000 1/s turbos and

1500 1/s cryos
® Focal plane box has a single 1000 I/s turbo; pressure in 10-7 Torr range
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R TRIUMF

Target Chamber |

® Designed to accommodate 12/16 TIGRESS HPGe gamma-ray
detectors

® Pumped by beam line 500 1/s turbo; pressure in low 10-7 Torr range

39



R TRIUMF

Target Chamber I
N X

Integral Faraday cup
with 1 mm entrance
aperture coincides
spatially with target
position

® Target fan with 3
positions

® Mounts for 2 Si1 surface
barrier detectors
downstream

® Upstream and
downstream mounts for

annular DSSDs of the
S2 variety

40
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Slit Systems

® Plate slit systems upstream and downstream of dipole magnet

® More complex focal plane slit system has 2 plates and 2 rotatable fingers,
allowing for 3 openings of variable width and position

| a
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Focal Plane Detectors

® PGAC measures position (m/q), energy loss
® Jonisation chamber measures energy losses
® S1 detector measures residual energy

42



R TRIUMF

December 2016 Test: Ar

® There Was no time  p.o qi ted Angular Distribution of Scattered 36Ar
to commission with 7

an alpha source
prior to December
16th beam time 500 (- i

® Bombarded thick
Au foil with 80
MeV 36Ar beam 0T il

® Tuned for multiply 200t -
scattered beam with
very large angular
spread . - - - o o,

Acceptance

600 — —

400 |- |

Counts

100 — =

Scattering Angle (Degrees)
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R TRIUMF

December 2016 Test: Ar

® Si-detector 5000
measured
° O Run 108 Ar Data
residual energy  4o0of- ]
spread of 40%
FWHM 3000 ofu i
. . 2 0] 0]
® (Consistent with ; ] m@
filling nominal 2000 : : _
Cnﬁrgy o mm
acceptance of 1000 - . " -
)
+25%, -17% @@ ®®®
==
0@9@@§® | | . |® “Seeeeq
10 15 20 25

Residual Energy (arbitrary units)
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R TRIUMF

December 2016 Test: Ar

Measured Focal Plane Position Spectrum of Scattered 36Ar

Focal Plane Position Spectrum

E —
30—
= I —12
= -
IS —.
8 20+
> - —10
> B
10—
- —8
0__
- 6
10—
- 4
_20__
- 2
= T R T T T R Y T T e T | 0
-8 -60 40 -20 0 20 40 60 80

X Position (mm)

EMMA'’s First M/Q Spectrum
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R TRIUMF

December 2016 Test: Ar

ZOOOOO||||||| TT T T [T T T T[T T T T[T T T T[T T T T[T T T T[T T T T[T T T T[T T T T[T T T T[T T T T [T T T T [TT T T T]1
I 36Ar13+ ]
150000 FWHM = 5.6 mm _
M/Q Resolving Power = 170
=
&
< 100000 i
0]
"E n
>
o
@)
50000 3, 14+ .
OI| [1 1001 | L L 1. ] |-4—1—|"'|'I|'_|LI|-L|-|.LL|||I|||||||||I||
-60 -20 0) 20 40 60

Focal Plane Position (mm)

Measured mass/charge dispersion consistent with 1on optical
calculations
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December 2016 Test: Au

® Si-detector

measured 3000 [T _
residual energy ZSOO:_ I e -
spread of 111% j i ; }
FWHM wof :
® Consistent with £ : :
filling energy Cop E f
acceptance + i - .
energy loss 00, -
straggling in | s YT
2 ; 6 ;

PGAC windows

Residual Energy (arbitrary units)
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R TRIUMF

December 2016 Test: Au

Measured Focal Plane Position Spectrum of Scattered 1°7Au

X Position (Run 112)

= X2/ndf 1.134e+04 / 117
€ 12000

£ Constant 1.121e+04 + 3.728e+01
g 10000 Mean -21.22 + 0.01
§ Sigma 5.768 + 0.013

8000

6000

4000

2000

1 1 1 1 1 1 ~--I'---—r'—--l—~ Il L L 1 1 |
-40 -20 0 20 40 60 80
X Position [mm]

o
0
S

}_
&L
1<)

Set for 197Au®+, observed single mass peak, little background in hour-long
run with 107 1ons/s on target

48
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R TRIUMF

ED1 Voltage Variation

1.3 UL AL I N B B L L B B T T T [ T T T1 T T T [ T T T 1 T T T [ T T T T ]

N O  Measurements ]

 |—— lon Optical Calculation ~

1.2 %} =

5 n E
2 N ]
o n -
> 1.1 — —
) B ]
= - - .
2 N 0 7
© B -
o - — ]
8 1.0 — -
= B -
- B -
) B -
> - % .
0.9 % =

08 - PR TN N N TN TN T T A N TN TN NN TN NN M M NN N TN TN N NN TN N T NN TN TN N T A N T AN T TN N W N W M ' -

0.99 1.00 1.01 1.02 1.03 1.04

Electrostatic Deflector 1 Voltage Scaling Factor
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R TRIUMF

Acceptance Measurements

Trajectories within spectrometer depend only
upon angle and deviations of mass/charge and
kinetic energy/charge with respect to central
value

® (Can mistune spectrometer 1n mass/charge to study
mass/charge acceptance

® Mistune spectrometer 1n kinetic energy/charge to
infer energy/charge acceptance

® (Central value 1s 1rrelevant, so can use alpha
source or elastic scattering to characterize

51



R TRIUMF

September 2017 Test Run

® Bombarded 50 yg/cm? Au target with 120 MeV
40Ar beam

® Sct spectrometer for elastically backscattered 66
MeV 197Au recoils 1n various charge states

® Excellent beam suppression
® Measured charge state distribution

® Used angular apertures 1n target chamber to define
entrance angles, map out mass/charge and energy/
charge acceptances

® Incident flux measured with SSBs 1n target
chamber

52



R TRIUMF

Au Charge State Distribution

Au CSD

Gaussian fit integrates to 96(3)% of incident beam current
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R TRIUMF

197Au M/Q Spectrum

X Position (Silicon & RF-TOF Cut)

osoo;— 25+ J

250 —

| l 26+

150 —

100{—

50 :— J
O _l | | M| L | | | lHJM ..I'IJ-"I i e ey | | | L |-L| I"-I-r‘—'Tl_l — L M| | L | M| | | |
-40 220 0 20 40

-80 -60 60 80
X Position (mm)

e M/Q dispersion = 10 mm/%
® (=25 peak has FWHM of 2.9 mm, implying resolving power of 340
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M/Q Acceptance
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Fractional Mass/Charge Deviation 6m = (m/qg - my/qo) / (mg/qo)

Full aperture: £3° by +3°
Consistent with £3.5% m/q acceptance ,



R TRIUMF

E/Q Acceptance

L>)\ ® Measurement f
c - — lon Optical Simulation 8
Q0 - J
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Fractional Energy Deviation 6E = (E/q - E¢/qp) / (Eo/qo)

Measurements with 48Gd source at target position
with various angular apertures; here £1.2° by +1.2".
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Left Aperture
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Fractional Energy Deviation 6E = (E/q - E¢/qp) / (Eo/qo)

Left Aperture: -3° to -0.6" by £1.2°
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Right Aperture
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Fractional Energy Deviation 6E = (E/q - E¢/qp) / (Eo/qo)

Right Aperture: 0.6" to 3° by +1.2°
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R TRIUMF

2D Transmission
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Fractional Energy Deviation 6E = (E/q - Eo/qg) / (Eo/qp)
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R TRIUMF

Fusion Evaporation with RIB

ric Weisstein...|d of Physics  HyperPhysics Concepts WebElements ...dition Home ~ News Nuclear Physics anking BC_RS Weather Summary
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s ren 523009720 2D Position Silicon Gated
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e Bombarded 890 ug/cm?2 Cu target with 24Na beam at 87 MeV
® Set spectrometer for fusion products with 17 MeV, A =82, q = 11«
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Fusion M/Q Spectrum
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. 24Na beam 1ntensity ranged from 1-4 x 107 s-1

e q = 10, full energy acceptance = 40% FWHM
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Approved Experiments

®  Four approved experiments, three of which require TIGRESS to be installed around EMMA target
position

®  Transfer experiments: 6L.1(170,d)2!Ne to infer 17O(a.,y)?!Ne reaction cross section for the s process;
requires SHARC; 21Na,Ne (d,p) and (d,n) for isospin symmetry tests

® Radiative capture experiment: direct measurement of p(83Rb,y)84Sr reaction cross section at p process
energies

p(?!Na,a)!8Ne to infer !8Ne(a,p)2!Na reaction cross section for Type I X-ray bursts

Approved Letters of Intent: direct measurement of p(7Br,Y)89Kr reaction cross section and 34mCI(d,p)
transfer for p(3*mCl,y) in novae
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Future Plans

® 20Ne(p,y)?!Na test June 25th

® Complete HV conditioning

® TIGRESS move to EMMA target
position
® (d,p) test in September

® First experiments in fall 2018 with
TIGRESS
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