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Basic considerations

B Atomic mass unit
— u=m(*2C) /12 = 931494.009 keV/c2

B Mass of the constituents
— m, =939.565 MeV/c? = 1.00866491574(56) u
— m, =938.272 MeV/c? => m(*H) = 1.00782503207(10) u
— m,=0.51100 MeV/c?

B Mass of a nucleus

— mass of constituents plus binding energy (usually negative ... not
always)

B={m(A,Z)-Z(m,+m,) -Nm } c?
— huge amount of stored energy

— binding energy is about 8 MeV/u, that is 8/938 ~ 0.7% of the total rest
mass energy. That is the fraction that can be released by nuclear
reactions ... still enough to power the sun and other stars.

B(12C)/c2 ~ 6X(1.0087 + 1.0078) — 12X1 ~ 0.099 u ~ 0.8% of m(22C)




Binding energy and mass excess

B Binding energy is the energy that is released when a nucleus is
assembled from neutrons and protons

m(Z,N)=Zm_+Nm,—Bc’

— Once B is known, the mass of the nucleus is determined
— Bis roughly ~A

B Masses are usually tabulated as atomic masses

m=m,, + Zm,- B/c
7/ | \ . .
Nuclear Mass Electron Mass E?[egtr\(;n(HB)lndlng e
~ 1 GeV/c? per A 2 e
P 511 keVic to 116 keV (K-shell U) / Z

Most tables give atomic mass excess A in MeV: A(A,Z)=(M(A,Z) - Amu)C2
(with m, =M(*?C)/12 = 931.478 MeV/c? and for 1°C: A=0)
The Q-value for A+B > C can then be expressed as: Q =A(A)+A(B)—-A(C)




Required accuracy

B Mass resolution and accuracy of the measurement determines the physics
you are sensitive to (A~100)

Am/m Mass accuracy physics

~ 1072 ~ 1GeVI/c? number of nucleons

~ 103 ~ 100 MeV/c? atom vs molecule

~10° ~ 1MeV/c? isobar

~ 10 ~ 100 keV/c? nuclear mass calculations

~ 107 ~ 10 keV/c? astrophysics, nuclear structure
~108-10° ~0.1-1 keV/c? superallowed decay, BB-decay
~10-10-10-1% ~ 1-10 eV/c? electronic binding energy

~ 1012 ~ 0.1 eVic? vibrational energy

B For nuclear physics and astrophysics, the requirement is typically 106 to
109 accuracy.




Tools of the trade

B Tools of various size, cost and accuracy ... no direct relationship
between these quantities

!

HRS




Accuracy is not the full story

B Specific applications might have other requirements besides accuracy
* mass models are not that accurate

— No mass model has predictive accuracy better than 300 keV/c?2
... €.g. comparison to 310 masses measured at the FRS

Mass model O s keV
FRDM 37z
l N FRLDM 696
Grl.m.- =ﬁ2(mf"“ —m;lmny )Y — Spanier-Johanson 1210
bl Myers-Swiatecki 395
Duflo-Zucker 668
HF+BCS 960
HFB 650

* to progress, models need anchor points very far from stability ...
they need reach, i.e. sensitivity

M Specific nuclei versus representative cases
* in some cases, only that nuclei will do
— superallowed emitters, waiting point nuclei, ...

* need measurement technique matched to the production of that
specific nuclei




Production methods for beams of short-lived isotopes: beam
properties determine the measurement techniques applicable

¢ Fast Extraction Times (~msec)
® Chemical independence
® Isobar separation

Projectile Fragmentation Projectile Fraigsn(l)eﬁltation Based
In-flight
GS| generated beam
’ stopped and
RIKEN, > cooled to ISOL
MSU, beam energies
GANIL and properties
- Fusion-
evaporation:
ISAC I ANL, GSI
REX- Fragmentation:
ISOLDE GSI, MSU,
HRIBF | RIKEN
Radioactive ion beam




Mass measurement approaches

B Indirect
— Decay (2 or 3 body final state)
A>B+D Q, = My- Mg-my
— Reaction
a(A,B)b Q=mj+ m, - mg-mg
— Quantum mechanics
V., > v, K <> K

M Direct (less indirect)
— Deflection spectrometer
— Time-of-flight spectrometer
— Cyclotron frequency measurement

Method of choice depends on production method, yield, lifetime,
and accuracy required.




Beginnings of nuclear mass spectrometry

B Pioneering work by J.J. Thomson around the early 1900s using a
positive ray parabola apparatus (mass resolution of about 10!)

B Mass spectrometry field really started with A.J. Dempster (1918) and
F.W. Ashton (1919)

— Deflection type mass spectrometer DETECTION

e lon source at voltage V Mass 45—

E=eV=mv2

Amplifiars '-.}'?"E.T
L.
|
Ratio
output

 Magnetic sector with field B

ION SOURCE
— Beam focussing

> >
F.=mv2R=qv XB =qvB

lon accalarator
BR - my p 2mE ™ Ejectron trap
/' - - = lon repeller
Brho q9 9 q Gas inflow {from behind)
lonlzing flament
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Deflection type spectrometer: dispersion

B Radius of curvature depends on p/q

_mv _p ~N2mE
qB ¢B 4B
— different masses will have different R

— 1image is displaced laterally
d~ L& ~ KOR

B Dispersion in mass, momentum and energy
« from equation above:

OR op om OFE
R p 2m 2FE

mass dispersion = energy dispersion =% momentum dispersion

« momentum dispersion typically in cm/%
e cannot separate mass and energy dispersion

9-10 2007




Deflection spectrometer: resolution and accuracy (1)

B Resolution is a measure of how well a spectrometer can separate different mass

peaks: cak width " ( £(6.5E,D))" £ = emittance
Rz(l’ j =( il j with:

JoE = energy spread
dispersion D D = dispersion
« Magnetic field imperfections or optical aberrations can limit resolution
* resolution not only a function of the spectrometer
» energy spread will limit resolution
* better transverse beam emittance can improve resolution
B Resolution provides selection
— Can’'t measure it if you can’t identify it!

Contamination at A=108 Contamination at A=108
R = 5000 Tc R =40000
_ 500000 _ 10000000 \*
g e Mo
< _ 400000 S 1000000 Rh,Ru
2 ; = : M\ N
S @ 300000 - — - —all A=108 o © 100000 ] — - —all A=108
48 58 [ [ \ Nb
5 § 200000 108Mo 5 Q10000 - 1] X 108Mo
i 2o ' || I\
@ 100000 - ) 1000 , i [ \
c c 1
© 0 ,__-e“" " 3} 100 } N ' }
107.88  107.9 107.92  107.94 107.88  107.9  107.92  107.94
Mass setting (amu) Mass setting (amu)
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Deflection spectrometer: resolution and accuracy (2)

M Precision ... and hopefully accuracy
— Precision: how well you can determine the centroid of the peak

Contamination at A=108
m R = 5000
Om oc 500000
RN 5
g 400000
=}
Se
S © 300000 - \ — - —all A=108
S
dm = mass uncertainty 5 8 200000 108Mo
with: R = mass resolution @ ° 100000
. C
N = counts in the peak © 0
107.88  107.9 7.92  107.94
o M
Mass set] [g (amu) R
>l l€¢m

— Accuracy: how well you can relate that centroid to a mass value

B Systematic errors
— voltage and magnetic field calibration and stability
— plasma potential, .... anything that can affect the energy of the ions




Difference between precision and accuracy

low precision, high accuracy high precision, low accuracy
low precision, low accuracy high precision, high

accuracy




Deflection spectrometer: resolution and accuracy (3)

B Practically achievable resolution
— Ashton (1918): flat field magnet - R~ 130
Chalk River (1980s): n=1/2 magnet - R ~ 7000-20000
CARIBU (now): 2 flat field magnets > R ~ 20000
— limitations
 Field homogeneity
 Field and voltage stability
« Beam properties
M Achieved accuracy
— Chalk River - ~10% accuracy on short-lived isotopes
« decay tagging to improve isobar identification
— QOak Ridge -2 ~10° accuracy on short-lived isotopes

* energy loss to identify isobars
Ge Ga Cu ' _GeA_S




Double focusing spectrometer

B Main limitation of deflection type spectrometer is the intrinsic energy dispersion
B Electrostatic sectors have energy dispersion but no mass dispersion

F.=mv?/R =qE > dR/R = dE‘E and no mass dispersion

electric field energy

B Adding an electrostatic sector of equal energy dispersion to a deflection type
spectrometer can remove the energy dispersion and significantly enhance the

resulting mass resolution. Spectrometer is then focusing in angles and energy ...

double focusing. g Beclvosiaiic magnetic

deflector bender

Minnesota, Manitoba |l and Il (1970s - ...)




Double focusing spectrometer (2)

B Achieved resolution
— m/Am ~ 50000 to 500000 in about a dozen devices

M Precision/accuracy
— high resolution but limited stability
— magnetic field fluctuations
» temperature variations, electronic noise, ...
* AB/B < 10% is hard when not closed loop superconducting
— voltage fluctuations, ...
— Solve by fast peak matching and averaging
— jump from one peak to the other at the rate faster than the fluctuations

— Accuracy of ~ 2-3 X 109 with Argonne, Minnesota and Manitoba Il
spectrometers

W Still subject to systematic errors due to ion source effective potential




Time-of-flight mass spectrometer

B Basic TOF spectrometer (first proposed by Stephens in 1946)

— charged particle in an electric field E of length d gains energy V, and
drift over distance L before reaching a detector

» For ions initially at rest We get :

2md ) \2 Am  2At
2m ‘ — > 2

. x"‘ o/

« If the ions starts with an initial energy U at position s:

1 1
|2m1 |2 3 L 2m iz D
t=Ff +ip+iy ; &= LUD+EE3D 2 ¢U02}+ —+i;

ek AN 2Up+eBs W

Initial energy Initial position turnaround time

L
LINEAR TOF

‘ Hgﬁﬂ

Flight Path ) Detector
lon Source i &

d

time-of-flight o m/z
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Time-of-flight mass spectrometer

B Reflectron TOF spectrometer

— correct for initial energy spread by having higher energy ions go
through a longer path inside an electrostatic reflector

m i

— still get a simple a simple mass-tof relationship after calibration, but
with better resolution

m=g|ﬂf+blz

REFLECTRON TOF
Detector - : B ‘

™

o - l
lon Source Flight Path

ay 910 2007




Ortho-TOF mass spectrometer

RF Quadrupole Einzel \LenSACC(lelerator
] |

L]
11 — - to CFD/ TDC
long \ \“I MCP Detector |
el || F |
102 mba
JI_I 10'5mba_I T
_|
S
N~
107 mbar ‘_'
| = =
Electrostatic % ' %
Double-Stage~ = =
Reflector = =
= = '
T VT E
Kinetic Energy 6 keV | = w =
— — (W.R. PlaR)

Mass Resolving Power: 10%...2-10%

Mass Measurement Accuracy: 1-3 X 10
Overall Efficiency (Cooling, Bunching, Mass Analysis, Detection): 1-3 %
Mass Measurement Cycle Duration: <1 ms




Ortho-TOF spectrometer (2)

B advantage
— full mass spectra can be observed in one shot

— fast
— no practical mass range limit

M disadvantage
— requires a start signal - pulsed beam

— requires a good quality low energy beam

Diagnosis of gas catcher purity

No cold trap, no baking 4/ \ cold trap, after baking

|
10*+ Xe+ 60 1
] 219Rn+
g L 10%4
[} 2 1
2 10 5
3 2 ) S ] 2112
g S
2 1) bl lm | =
< 10 | RiTRIT iy 10*-
190 200 210 220 ]
Mass /u
101-‘ l A T T T T T T T
100 120 140 160 180 200~—320 240 100 120 140 160 180 200 220 240
Mass / u Mass / u

Aa
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Ortho-TOF spectrometer (3)

B Achieving the right beam properties to use such devices online can mean
a significant investment in the front end at fast beam facilities

Cooler
% RFQ sLens System
> s 5 UE _ MCP-Detector
—— @7?
Yo w4

%8Ni-Fragments L

(56Ni, 54CO, 52|:e)— S pemm—— T
~280 MeV/u g ~ Ortho-
) Accelerator TOF-MS
— | Gas Cel Exg?:‘gon ' @
Energy (ANL) MSU RFQ lon Si-Detect ~ Reflector
Degrader MSY) || pistribution | StDetector U
/ Buncher System
(_GS' + (Giel3en)
Giel3en)




TOF spectrometer: SPEG at GANIL

B Use GANIL as a whole as a TOF spectrometer

H |ong flight path css1o . CSS2

L~82m - tof ~1us

col

—

B momentum spread corrected | &
by rigidity measurement in

SPEG coz NAUTILUS

ORION

M obtain mass from |
Bp =ymv/q

9-10 2007
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TOF spectrometer: SPEG at GANIL (2)

B Advantage
— well matched to GANIL energies (~ 90 MeV/u)
— produce many species simultaneously
 calibration
— Isotope with very short lifetime can be measured
— extremely sensitive ... far reach

B Disadvantage E l
— limited resolution o Saheay ;'

- 200 ps / 1 ps ~ 2 X 10 N = —1;;::-%\;{

— limited accuracy N oSN ._'*'*‘:ék.:?:“r K3

- ~10%-10° | St

| I S
26 28 30
Number of neutrons
Figure 4. Experimental §;, values in the region of the N = 20 and N = 28 shell closures.
The circles correspond to values from [25]. the bold circles to values for which the precision
was improved and the full circles to masses measured for the first time.

A
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TOF spectrometer: resolution limited by flight path

SIS

(*°)

Existing facility:

.y
. I injection | oauction |3 2R
A’P':"L'J S 1rﬂ4|':|h&ﬁ‘r?ear ' _—- largel
g acoelemlor
UMILAC
Experiments ! into e ESR

BIG

|

Experiments

cs)
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TOF mass measurements at the ESR

B To get resolution in a TOF system, you need distance

- storage ring in isochronous mode €
SCHOTTKY MASS SPECTROMETRY ISOCHRONOUS MASS SPECTROMETRY

W,
{mig), *
i \i- Injection

Saplum

Schaottk
Nais&F:fu:kupcs - Cooler

Hot Fragments

A
Argonne * -0

TORY




TOF mass measurements at the ESR (2)

B Last term in frequency equation below must be made small
— Reduce energy spread by cooling - introduce long delay
— Runring inisochronous mode - no cooling required

"ﬂ A A
v 0 =Y

Af _ 1 AMIQ) FAv 4 _ 1
f W miq v (1732 )= 0

B Fast but need “transparent” detector (Schottky not applicable here)

1turn

02r

| 2 turns
= — J{
o N |
o
]
.04 }

1 1 1 1 1 1 1 1 1
13.5 140 145 150 155 16.0 16.5 17.0 117.5
TOF / us

=]
8]

(J. Stadlman)




TOF mass measurements at the ESR (3)

B Performance
— resolution ~ 100000
— essentially no lifetime limitation
— limited accuracy ~ 10°
— can access many masses simultaneously
— well matched to the GSI facility
— main limitation is acceptance into FRS

Comparison of measured masses with models
]D:':I F T T 3
-'JST ]
— o Lo 45
3 fgo or 2 zr Hy Cr 1
: 48 - T -
§ 100 ¢ " \ __ = ,L “Mn  Ts=150ms Ti Ty=50ms
= 45 E a | T,=158 =
8 i CDH\ D-.Uraw ] % 4 ms T,=80ms
E L 'ﬁMn M[ E ol- ! I I ______{______. __l -
81wy %o ! | — T
5 10} (unknawn mass) . 2 L a n . |
g EJ‘.DSE E ®
e | ;
z ) E -2+ 5 i
u *
| 1 | | 1 1 1 1 I 1 1 1 L]
: N -3
526 527 58 585X 533. ?3] 532 533 5M A5 ® ETFSIw. SkSc18 0 HE BCS w. MSK7
] = Mac-Mic TF model © Mac-Mic FRLDM

(J. Stadlman)

e _
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Mass measurements and radioactive beam properties

B Most of the mass measurement techniques we have seen so far have
their resolution and ultimate accuracy affected by the beam properties

Resolution of deflection type spectrometer limited by energy spread
and transverse emittance

Double focusing spectrometers affected by transverse emittance
and variation of energy with species

Low energy TOF system affected by initial energy spread and
requiring a pulsed beam structure

ESR TOF resolution and accuracy limited by the quality of the
Isochronicity of the ESR ring

To obtain the utmost accuracy, cooling is required.

B This not only improves the applications we have seen, it also opens the
door to the highest accuracy ones:

lon traps and storage rings




Cooling: Physical considerations

sLiouville’s theorem (paraphrasing)

sphase-space density is conserved in a non-dissipative system

oj.e. angular spread X radial spread -> constant

time spread X energy spread ->» constant

*Cooling or bunching (reduction of transverse or longitudinal phase-
space) therefore requires a dissipative system with the following
conditions

«“Cold” thermal bath (electrons, gas, laser beam, ...)
sInteraction of “ion beam” with the thermal bath

«Sufficient acceptance of the bath and interaction time with the
bath

«Capability to extract from the bath without substantial reheating




One road to fast and universal cooling/bunching

Collisions with a buffer gas in a guiding/trapping structure
e gas provides thermal bath

e guiding/trapping structure provides large interaction time and
localization

Conditions to be met

* enough stropping/cooling power to capture in longitudinal
potential after one “interaction length”

e guiding/trapping potential/volume large enough to accept
initial transverse emittance and energy spread after one
“Iinteraction length”

~=

9-10 2007




Acceptance/stopping requirements for different radioactive ion
sources

- Radioactive ion source

1) poor quality ISOL beam
Beam ~30-60 keV; AE~1-100eV ; emittance ~ up to 100 x mm mrad

approach: electrostatic deceleration to 100 eV, absorb remaining
energy in gas ... transverse guiding potential about 10-20 eV

2) fusion-evaporation reaction
Recoils energy ~0.2-5 MeV/u ; Ap/p ~1-15%
typical: Sn @ 3MeV/u Range ~4.6 mg/cm?  straggling ~ 0.2 mg/cm?

approach: remove most energy in solids, absorb final range straggling
In gas... recoil spectrometer sets transverse size

3) fragmentation or in-flight fission reaction
Recoils energy ~ 100 - 1000 MeV/u ; Ap/p ~ 1-20%
typical: Sn @ 250 MeV/u Range ~ 2.2 g/cm? straggling ~ 3 mg/cm?

approach: minimize energy spread, remove most energy in solids, absorb final
range straggling in gas... fragment separator sets transverse size




Guiding/trapping structure(s)

777777777777 77777,
/ﬂ 7727777
S 72
o )
7
777727,

More of a
measurement device
... we will come back

to it later

Penning
Trap

cyclotron
{\m\oﬂom

e N N

axial oscillation

magnetron motion




) AZ
Uniform

RF field

RF focusing(1)

V, cos Qt

T
[ Zf(’@ —> E()=E,2)

Basic harmonic motion
sz =F,(t) =eE,(z)cosQt
>t

Z(t)y=z+d(t)
d(t) =-d, cosQt mg)

<F,(t)>,=¢eE,(Z) <cosQt >=0

No net force when averaged over full RF cycle!




RF focusing(2)

 AZ -
Non-Uniform e YT T
RF field AVt @)VO cos Qt _
‘ “ ———>E/(2)= Eo(z)+(an_(Z))d
....... )4 o
mz=F', (t) =eE,(z)cosQt
Z(t)=z+d'(t) ] :eEo(Z)
>t d'(t) = d(t) = —d, cosQt mQ”
ad’ R0 >av=e(aE°—_(z)j< d'cosQt >= Eo(f)(@Eo_(Z)j
Oz 2mQ 0z
m‘ >1 F' __eanS - V _eE(2)
\/ - P AmQO?

Positive and negative charges attracted to regions of lower RF amplitude!
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Guiding/trapping structures

Penning
Trap

oscillation

axial

RF quadrupole

Centipole
(RF wall)

AAAAAAAAAAAAAAAAAA

micro motion —s—n

secular motion

RFQ
Trap

Pseudo Potential
i

-0.5 a.s

r/ro




Low energy beam coolers

RF structures provide enough radial confinement and stopping length

First on-line attempt - Paul trap to bunch ISOLDE beam (R.B. Moore et al)

Linear RF structure provide more stopping length so higher efficiency
o efficiency ~ 30-70% with beam deceleration
> 90% from a low energy beam
e energy spread < leV

Transverse emittance ~ 3 &t mm mrad

More than a dozen RFQ coolers in operation/construction in nuclear physics labs!

=1 I
=

R
-2 TP

: =TI - ’ d _ i . g
3 RFQ sections to extract from Bunch low energy beam to Reduce energy spread in DC
high gas flow region match to experiment mode

A
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Further developments of low energy coolers

*Decoupling of DC and RF drives —» Wada et al for a while now but
becoming more widespread

*Cooling of RF structure to liquid nitrogen temperature (MSU)

eSquare wave RF drive (ISAC)

*Cooling for lighter species (CAEN) » Helium cooled




Cooling/bunching of fusion-evaporation residues

Transverse emittance too high for any realistic small trapping device to
handle (MV potential required)

Need a different approach
e remove much of the energy before entering the device
e usegas to handle energy spread and range straggling

e once thermalized, use the fact that residues are ionized to guide
them out selectively from stopping volume

Gas volume requirement
 longitudinally roughly 0.1 — 1 mg/cm?2 He

o laterally depends on ion optics but typically 5 - 10 cm diameter

Too large a gas volume for a standard confining ion guide/trap!




Gas catcher developed at the Canadian Penning Trap
(CPT) at ATLAS

* 20 cm long gas cell with first
generation RF cone

e ~45%
» mean delay time below 10 ms

o tested off-line with fission
products and on-line with
fusion—evaporation reactions

e routinely used for physics

With C PT at Argon ne for maSC; Measured Gas Cell Efficiency Mean extraction time in gas cell
50 10000
measurements on short lived | ;= i3 B —cataed A
1| X 40 - £E gas
|SOtOpeS st Lok ’ | § 22 p ¢ ¢ § 1(1)2 \\1\ +;n:sasured for Ar
= N [} c
° S ———calculated for He
2 %51 s ] s L1 = g 1 gas
g 20 L . S 01 | —m—measured for He
O 15 : gas
10 T : " 0.01 - T -
0 0.2 0.4 0.6 0.8 0.01 0.1 1 10 100
RF-focusing amplitude (arb.) E/N (Townsend)
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Forces In gas catcher system

DC electric /:_ : : :
field <« <= - <
k—- -t -« <
A combination of forces < < <
working together is required
to obtain B e S e ah
sFast extraction times \: e < < < -« -
over the full volume ekl Bl R s
High efficiency over the / YVY VYV VY
full volume RF electric
_ field \,\(
_-Toler_anceto high o A B
intensity
(Y  «— &
Net « < < <
force < %L o = =
-¢ - -
T — I




Other approaches being pursued

 No RF focusing, plain DC and gas flow

Drift region  Focusing
region |

e o — g ¥
72§ mbneeenie
21 L W
L 'lll. |.~‘ .
— — e = @

Stopped ions RFQ-ion guide
* Forced gas flow transport throughout catcher
Entrance Fair-wind gas cell | ‘ Extraction ||
N @> B | ﬁ RF-funnel |
N\ b N | |
Pﬁﬁ: hamber = DEJDUDDUS_;..- . UH[HHH”HMUHWH
Iotﬂn;am.;-._ ||L]E;””|'|D \ ~._ H“_mm JH”H“““M ”
’ i nozzle
|j ﬁ el ‘ | |
Buffer gas Z.
Iniet RF-funnel Buffer gas

outlet to pump 1o pump




Rare Isotope Production Schemes

® Fast Extraction Times (~msec)
® Chemical independence
® Isobar separation

Projectile Fragmentation Projectile Fragmentation Based
ISOL

Radioactive ion beam




Cooling/bunching of fragmentation/in-flight fission residues

Transverse emittance too high for any realistic small trapping device to
handle (multi MV potential required), range straggling too large also

500+

Sn @ 250 MeV/u — 24 cm in 0.5 atm He :122: e
Same with Ap = 0.1% --- 70 cm \_ o Kr )
u

G 250
o,
S 200
Il

Need a more complex approach & 150]

1004 -~ mmmm T e
1 meter long He gas-cell

50+

e must first reduce energy spread o or 0z o5 oi s

0.0 0.1 0.2 0.3 0.4
o,/ [%]

e remove much of the remaining energy before entering the device

« use gas to handle residualrange straggling

e once thermalized, use the fact that residues are ionized to guide
them out selectively from stopping volume

Gas volume requirement

 longitudinally roughly 2 — 20 mg/cm?2 He

o laterally depends on ion optics and achromatization




Schematic layout for gas catcher
and fragment separator

Heavy Ion

. o .
Thiver Bl Fragments dispersed

1in momentum with thin

wedge for Z/A separation

High Power =

Target

Schematic layout of
fragment separator,

— achromatization stage and

gas catcher system

Selected Z/A region
dispersed in momentum

High-7. absorber to slow
down selected fragments
T—a N

~

as catcher/ion guide




Lateral dimension of large gas catcher

Lateral dimension of FRS gas catcher is determined by:
o Dispersion at wedge degrader

e Angular acceptance and magnification

e Angular straggling in deceleration

. FRS acceptance : = 1% dp/p
o Dispersion required for achromatization: 7cm /%
o Angular acceptance : : £ 10 mrad
o Magnification : ~1.0-1.2
o Angular straggling:
Xe at 200 MeV/u P Xe at 6MeV/u » Xe stopped
Al degrader He gas
and window
angular lateral
straggling straggling
~ 14 mrad ~5mm

LATERAL DISTRIBUTION
RADIAL PROJECTED
Radial Straggle

T
Depth vs. Y-Axis Transv| erse View

~ 20-25 cm

- ¢qas catcher

Distance (Angatoms)
EE B

=T Layar 1
—

Target Depth - 1Zm

L )
04 - Target Depth - 12m 12m 0 12m




Full scale RIA gas cell prototype

* 1.25 meter long(1.4 for GSI test), 0.25 meter inner diameter gas cell
with same features as ¥4 scale prototype

 over 7400 components, with more than 4000 prepared to UHV
standards

*Assembly completed FY02 DOE/NP §
Performance Target. '

» Characterization at low energy at
ATLAS

* International collaboration testing
full scale prototype at RIA energy at &
the fragment separator at GSI '




Completed large extraction RF cone




Extraction in the presence of large gas flow

Transport ions to lower pressure region via RF structures that guide ions while
letting the gas escape and be pumped away.

In DC mode, a limiting emittance (corresponding to roughly the gas temperature) is
obtained after two such sections separated by small apertures (acceleration takes

place in the lower pressure region after second section).

X di . acceleration  RFQ RFQ
1agnostics section Sec 2 Sec 1
A8 station o o .
:]%x,ul iy T T R i R CEES Rt
- %ﬁ;ru..-«wmgggw oraee ———— -, —
A = " %%WWWW SN B
- =% Gas catcher

Extraction

A
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GSI Floor Plan

On-line

—- Existing Facility

-- New Facility




Installation of the RIA prototype gas catcher at the focal plane of the FRS

A
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Precision Degrader System

Precision degrader system

Material: Suprasil 2 (S105)
Surface roughness: less than 10 nm
Maximum shape deviation: less than 1pm

Material homogenity: better than 107

Areal weight homogenity: better than 0.2 rng/cm2

Minimum thickness steps: 180 ug/cm2

Velocity distribution of the beam limited by
* jon-optical resolution of the buncher

* energy-loss straggling in degrader

Practical limitation: inhomogenities




MUSIC Chamber Spectrum
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Radioactive ions extracted from the RIA prototype gas
catcher at GSI (S258 experiment)

Energy loss in gas catcher by radioactive beam from FRS

e  Bragg peak from 56Ni beam

e  Bragg peak from 54Co beam

e  Bragg peak from 52Fe beam

~ 50 % of radioactive ions stopped in
the gas catcher were extracted as a
radioactive ion beam!

No saturation up to the maximum
radioactive beam intensity (~ 10 ions per
spill) that the FRS could deliver!

By tuning the degrader thickness,
one can scan over the Bragg peak
In the gas catcher, at the end of
which the radioactive ions are
stopped in the gas and extracted
as a cooled low-energy radioactive
jon beam
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2d-confinement:Charged particle in a magnetic field

*Constant axial magnetic field

— eparticle orbits in horizontal plane

w =2

C m

free to escape axially




3d-confinement:

The Penning trap

Add an axial harmonic electric field

to confine particles
V

\Z) = 27° - p°
op.2)= 47 P ')\
confining in z obeys Laplace

eaxial oscillations:

/ eV
wz = 2
md

saxially confining potential comes
with radially repulsive one




3d-confinement: The Penning trap

eradial motion now split into two
eigenmodes

’ 2VR
hidd =qvB—qE_ =qvB - I;Zq
2 (’)i
0O =0.0m——
2
2 2
w+—m"i\/w"—&
2 4 2

confinement limit

*Radial motion split into two
components by electric field:

—®, : reduced cyclotron frequency

—m_ . magnetron frequency




Precision measurements in a Penning trap

However: W, =0, +0_
®% =% + 02 +o°
C — $
Recall: B
o =18
Ym
®. depends only on:
*the mass

*the magnetic field
enot on the electric fields or the
energy as long as y is small

Can use o, to make accurate and magnetron () reduced cyclotron (4

DFECiSG mass measurements
9-10 2007




CPT mass spectrometer

High-accuracy mass measurements on
short-lived isotopes via:

®. = gqB/m

Concentrate presently along N=Z line
- Electroweak Interaction
- Nuclear Astrophysics

Accuracy : 10°-10°
Half-life limit : ~ 50ms
Resolution (Fourier limited) : ~ 10

lon trap system located
on-line at the
ATLAS superconducting linac

A wowx O




Superallowed Beta Decay

* Precision tests of CVC
 Determination of weak vector coupling constant
e Unitary tests of the CKM matrix

M For superallowed transitions between 0* T=1 states

K
Ft=ft (1+65)(1l—5.)= 2G2(1+A,)

from experiment; from calculations of radiative and charge-dependent effects

M Test need for physics beyond the standard model

G, together with G, yield ,
the V4 quark mixing element d Vud Vs Vo || @
of the CKM matrix "1=| VedVesVer || S
b’ Vig Vis Vip /LD
M If matrix is not unitary then we need new physics weak rotation ~ mass
Additional Z bosons, Right-handed currents, SUSY... cigenstates matrix  elgenstates
/

Big effect if R-parity violating ... can be more than 0.0020‘/

At loop level if R-parity conserving .... ~ 0.0007




Precision frontier --- superallowed Q-value measurements

* required precision (0.1 — 1 keV) ;
cannot be reached by B endpoint He,t
measurement D,y p,Nn

«Standard approach: reaction threshold

(neutron yield vs energy for p,n
reaction) or gamma-ray energy ... not —>
applicable to new cases ny

*new approach required

*Penning trap mass measurements on short-

lived isotopes >
*Accuracy 107-10-° —_—
«Lifetime limit ~ 50 ms o, = gB/m

eResolution 10°




Reaction threshold measurement

B Simple reaction to remove uncertainty from beam excitation
* (p,n) or (p,y») with independently calibrated beam energy

p beam

-

=P
* S beam

— E, measured in spectrometer
— Spectrometer calibrated by Cs ion source
— Target thickness and coating main issues

 (n,y) at reactor
— Thermal energy neutrons
— No energy loss N
— highly excited states fed = many gammas 0y |

— vy calibration and linearity main issues E, >




Overview of the CPT on-line mass spectrometer

transfer . : \ tunable
line degrader
gas cell
%// // S i“ T
—_ HE!
= jﬂ» %ﬁ - -
RFQ ion guide
isobar separator Enge
spectrograph
"z - ]
L
‘1" .
l{ triplet ——
O
f b

chamber

ATLAS beam



Isobar separator for beam purification

tunable Enge

CPT tower transfer
\ line RFQion guide gas cell d-l!'i:'ader spectrograph

new isobar
separator

velocity

filter
Beta Paul Trap

ATLAS beam




Fully evolved system giving access to all isotopes
available at ATLAS ... end of 2006

tunable Enge
degrader spectrograph

/

CPT tower transfer ’
line RFQ ion guide gas cell

€— large
gas cell

new isobar
gparalor

I

la‘e bore
magnet —s

TRIANGULAR
ROOM

Ge detectors

Leam stop —»

I

ATLAS beam

e AREA 11

Tape station

ATLAS beam




Sample TOF spectra

Calibration: C;Hg

B
W, = et
mC
B
Unknown: @ = a5
" m,
Unknown m.o,
- - =>Mm, =
Calibration o,

A
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Sample TOF spectra

Calibration: C;Hg

. Aw
Resolution = —~YHM

0,
0.9
Agypa ~ T
RF
Precision, m oC TRFqu
Am m
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Completing the Penning trap measurements of the nine
highest precision superallowed emitters

B 7 of the 9 cases have now been measured at the CPT
— 42Sc was found, like 48V, to be significantly higher than expected

— Other cases are generally higher than last compilation but by
smaller amounts

3000

B Work at the accuracy frontier - @2005 sury
® ATLAS Penning trap
— extensive systematics check e {
— absolute calibration during the - ¢
experiment "
. . < [
— highest accuracy ever achieved & o i—¥ f
for online trap measurements -
~ AQ(*0) ~ 90 eV T e T2

— AQ(1°C) ~ 40 eV
— can now test atomic effects




Chalk River Q-value difference measurements

/\ /\ V + AV
el
- B _/\_/\ V - AV

¢ *Match (3He,t) peaks by changing voltage on
target target
< A < vzaAv
—» Q-value difference measured with a voltmeter <+
3He

*Use mixed targets ... essentially all sources of
systematics drop out

Most robust of the previously existing data




Atomic structure effects ... are we measuring the same
guantity?

Beta decay Mass measurements reaction Q value

SHe
®

!

l (Mz-mgz.,*)c? l(mz-mz_l)c2 l(mz*'mz&**)cz

e+
—p €
> e- N > e
SH
®




Are we consistent with any of the reaction results?

*Our new results disagree with previous reaction values by 1c for **O, about 7c for
42Sc ... and about 4o for our very recent 2MA| result

From the Chalk River Q value differences
Q(**0) — Q(%®™mAl) = 1401.68(13) keV
Q(?*MAI) — Q(#?Sc) = 2193.5(2) keV

«Our new value for #2Sc shifts the Q value up by about 7 sigma, 1#O is only shifted
slightly up. But the differences agrees with the difference measurements

«Chalk River Q value difference =2  Q(*2Sc) — Q(**0) = 3595.18(24) keV
*CPT results (preliminary) 2>  Q(*Sc) - Q(**0) = 3595.52(23) keV

«Can also predict the Q value of 26mAl from the Q value differences and the CPT Q
values for 10 and 4?Sc ... again we find excellent agreement with the CPT
preliminary value for Q(?6MAl).

It does not appear that the reaction approach is flawed ... when
done in the best conditions it agrees with the trap measurements.




Status - Outlook

Enormous evolution in mass measurements techniques and hardware since the
inception of the field roughly 100 years ago.

*Tools to make precision mass measurements to the accuracy required for
astrophysics, nuclear structure and fundamental interaction studies have been
developed and are operational.

*Main limitation at this point is access to the most exotic nuclei, but there is hope on
the horizon with new large scale RIB facilities in preparation.

. _
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