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O Coupled Cyclotron Facility at NSCL
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2 ECR ion sources A1900 fragment separator
2 coupled cyclotrons: K500 + K1200 to produce rare isotope beams
primary beams: oxygen to uranium by projectile fragmentation

K500: 8 - 14 MeV/u, 2-8 enA
K1200: 100 - 170 MeV/u, up to 2 kW power limit beam dump in first dipole: 4kW
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NSCL Primary Beam List

Energy Intensity Energy Intensity
Isotope [MeV/u] [pnA] Isotope [MeV/u] [pnA]
°0 150 175 %23e 140 35
®0 120 150 "®Kr 150 25
“Ne 170 80 ®Kr 100 15
“’Ne 120 80 %0Kr 140 25
“Ne 150 100 7y 120 1.5
*Mg 170 60 "2gn 120 4
OAr 150 75 831 120 1.5
Oar 140 75 12430 120 1.5
PCa 140 50 124xe 140 10
Ca 90 15 190%e 120 2
*Ca 140 80 2%pp, 85 1.5
N[ 160 20 209p; 80 1
*Ni 140 7 238y 45 0.1
"°Ge 130 25 238y 80 0.2

Primary beam list intensities are based on
operational experience and serve as planning
basis for experiments.

Usually, beam intensities above these
valuses are provided to experiment.

Beam power for Ca-48: 540 W



Primary Beam Statistics

Coupled Cyclotron Facility
(CCF) delivers a different
primary beam every 5 to
7 days, typically 30 beam
changes per year.

The development of
new primary beams
(isotope and energy)
is driven by user
demand.

CCF Primary Beam Isotope Statistics

0O-18 [6.9%)] Ni-58 [5.9%]

Ar-40 [5.4%]

Ge-76 [7.4%]
Kr-86 [5.4%)]

Ar-36 [7.7%] 0-16 [3.9%]

Ca-40 [3.1%)]

Xe-124 [3.0%]

Se-82 [10.6%] Sn-124 [2.9%]

U-238 [1.7%]
Ne-22 [1.5%)]
Sn-112 [1.4%]
Zr-96 [1.3%]
Ne-20 [0.9%)]
Mg-24 [0.6%]
Sn-118 [0.3%]
Pb-208 [0.2%)]

average fraction
of operating hours
Oct 2010 - Oct 2015

Kr-78 [12.4%)]

Ca-48 [17.4%]
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Rare Isotope Beams produced at NSCL

NSCL
more than 1000 RIBs have been produced (2001-2016)
more than 900 have been used in experiments
A
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CCF Operations Statistics

CCF Operations Hours
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NSCL operations hours:

typically: 4500 hours/year
up to 6000 hours/year possible

During scheduled facility operations
NSCL operates on a 24/7 schedule.

Facility availability of more than
90% allows for reliable schedule
and high user satisfaction

NSCL operations is certified
according to ISO 9001,
ISO14001, and ISO 18001
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Sn A1900 Fragment Separator
production focal
target | , plane
—ER Ty BT s
pglmary detector
eam simage-1 box
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detector
box
« superconducting magnets (NSCL design) Parameter A1900
* four 45° dipoles moment. accept. Ap/p 5%
« 24 quadrupole magnets (5 different designs) angle accept. [mrad] 60 x 40
16 quadrupoles with hexapole and octupole coils Bpmax [Tm] 6
resolving power ~2900

- high degree of symmetry to minimize aberrations
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A1900 Diagnostics Setup and Particle Identification

stripping

foil

camera/viewer

Detector Setup in Focal Plane Box

variable _
slits  timing viewer

2 PPACs

A\

A\

scintillator PIN
X

Ge detector
N stack gcintillator

—

N

position x, y, X', y'

—

TOF AE, Etotal  Etotal, TOF

L alternative J

800

energy loss [a.u.]

350 L

124xe (140 MeV/u) +
9Be (390 mg/cm?)

750 _
700 _
650 _
600 _
550 _

500 | -

5 T N=Z+3

450 |- X

400 |

460 480 500 520 540 560 580

time of flight [a.u.]
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A1900 timing scintillator
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Thin timing scintillators (BC-400) that are used
throughout beam delivery have a limited life
time. Material degradation affects timing resolu-
tion and detection efficiency.

Life time depends on particle and beam intensi-
ty. For higher Z and high intensities useful life
can be less than 24 h.

A 2-position pneumatic drive was replaced with
linear stepper motor drive:

Up to 10 pre-programmed positions can be
used, enabling the switch to a fresh detector
position with virtually no down time.
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Irradiation of Diamond with Heavy lons at NSCL

MSU-grown single-crystal diamond
sample size: ~4 mm x 4 mm
irradiation area: ~2 mm x 1 mm

2-fold segmented electrodes allows for
non-irradiated reference sample area

irradiated with 96Zr and 124Sn @ 120 MeV/u

\J

= irradiat

relative signal [%]

60

50

40

o GYJ148C, irradiated with Zr-96
® GYJ148A, irradiated with Sn-124

0 1 2 3 4

fluence [10713 ions/cm?]

3-1013 ions/cm?2 = 1 MHz/cm? for 1 year
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Irradiation of Diamond with Heavy lons at NSCL

MSU-grown single-crystal diamond
sample size: ~4 mm x 4 mm
irradiation area: ~2 mm x 1 mm

2-fold segmented electrodes allows for
non-irradiated reference sample area

irradiated with 96Zr and 124Sn @ 120 MeV/u

< irradiation “}
“/4,  carea S

relative signal [%]

Damage calculation with SRIM

o GYJ148C, irradiated with Zr-96
® GYJ148A, irradiated with Sn-124

100

60 e

1012 Sn-ions/cm?2
=2.5-10"/ dpa

1012 Zr-ions/cm?2
=1.6-10"7 dpa

dpa = displacements per atom
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Thin Diamond Detectors
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Collaboration with Applied Diamonds (Wilmington, DE, USA) and Ohio State University (H. Kagan)

| DDK Sample HV Curve by Run |
30 :

Run #1486 original t=47um
.. Run #1486 part 1 t=65um
flun #1486 part §; 1=60um
Run #1486 part 9 t=50um
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Beam test with 40Ca, 140 MeV/u with
two detectors in transmission mount

TekRun |

Collection Distance (um)

BI01I:|ID12|01JHJ ...... - e
HY (Voits - DDK24 (60 pm) R
Free-standing polycrystalline diamond } } } } f - f f : 4
with thicknesses between 30 - 60 um '
grown by Applied Diamond, Inc.

e
sl

I Test Sample Size:
L 10 mm diameter

e R 100MY ©-M4.00ns A Ch2 \—40.0mv"
T 50.00% ; | :
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Thin Diamond Tracking Detector Prototype
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Collaboration with Applied Diamonds (Wilmington, DE, USA)
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Dttt un!nnl|mh1nlnulm‘ﬂmlm}lmﬁmmgm\m?i TR TR

Active area: 200 mm x 20 mm
Thickness: 50 um
Segmentation: 40 strips



147um
XFP
Scintillator

Detector

K1200 I st

= Image2 bty I IIIII
Scintillator =
Image 1 Slits=+/- 2 mm gap cnater 5 Si
Production Target ~ dp/p=0.14%
Be 9,23,32,47,79

(mg/cm?) : :
Energy loss measured using Si stack detectors

range of products near U ~ 1000 ym
Experiment ran June14-17, 2016

Target scan done at two production settings: Stack 1: Ortec Si Surface barrier with cooling
Bp = 3.1853&3.1748 Tm before XFP scintillator down to =4°C
Bp = 3.0830 Tm after XFP scintillator 305, 306, 997, 998, 2000 ym

TOF measured with RF frequency and between  Stack 2: Micron Si PIN at room temperature
two ~140 um H2C10 scintillators 508, 509, 1036, 1000, 1000 ym
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Fragmentation of U-238 at 80 MeV/u

New A1900 DAQ module test:

Mesytec MADC-32 & MTDC-32 modules allow up to 13 bit channel resolution

Micron Si PIN, Resolution of energy peak from primary beam FWHM~4.5-6.0% with no cooling

Fragments change charge state in 147 ym scintillator

dp/p=0.14% -- no tracking detectors
particle rate<1 kHz
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Fragmentation of U-238 at 80 MeV/u
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New A1900 DAQ module test:
The multihit Mesytec MTDC-32 has with adjustable time resolution from 3.9-500 ps.

The TKE vs TOF spectrum using data from the MTDC adjusted to a 62.5 ps resolution is as good
as the one from a TAC with a range of 1000 ns.

Mesytec CFD-16 designed to provide fast timing with MTDC with remotely adjustable parameters.
This module can provide an ECL & analog output directly to a TDC/QDC/ADC

(madc1[0}+madci[1]+madc1[2}+madc1[3}+madc[4]+madc1[5]):madc1[28]

madc1[0}+madc1[1]+madc1[2]+madc1[3]:mtdc1.fData {mtdc1.fCh=19}

10400 _— —
- I MTDC | 5
oo~ -~ oo - T T i i
- 5 '
I';_-: b =10
:-:- v g i
& L
BT w2

Mgzt

10

2016-08-26 13:02:52 2016-08-26 13:48:32
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NSCL’s Experimental Facility Plan
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NSCL is the only facility in the world that can provide fast, thermalized,
and reaccelerated beams of rare isotope.

Gas Stopping Thermalized Beams Reaccelerated Beams AT-TPC B
LEBIT
Laser SIPT
Spectroscopy / ANASEN
0 10m
bovondd Momentum \
Compression //'
ECR lon K500 Sweeper MoNA BeamlLines AN Gas
Sources Cyclotron Magnet  LISA
yex 9 Catcher —— | SECAR JENSA
_—-—-—-IM-I-EM—O’-E--/
\_ ReA3
RFQ

Space for future expansion
of the science program

— / |
/ 1 ]

K1200 A1900 SEETF RFFS Neutron SeGa S800 EBIT Charge
Cyclotron Fragment BCS Walls HiRA Breeder
Separator DDAS CAESAR

SuN LENDA

NERO GRETINA



@ Scheduled Operation with Two Accelerators in FY16

In FY16 (10/01/2015-07/23/2016) the NSCL
carried out a user program with scheduled
operations of CCF and ReA3 for the first time.

Total Operating Hours: 4727 hours

3900 hrs beam delivery to 23 PAC approved
experiments:
15 CCF RIB experiments (11 with GRETINA)
3 stable beam experiments
5 CCF-ReA3 coupled RIB experiments

Wednesday, 22nd June 2016 13:34
CCF Current Experiment The T=5 particle-hole excitations in doubly magic 48Ca Experimenter in Charge
014065 - Rogacheyv, G. Jeff Blackmon
ARTEMIS K500 K1200 RF Frequency A1900 Vault Status
8ca®* 123 MeViu  “%Ca?® 140 MeViu  23.1178 MHz el .3 K12 Experiment running
P |
now 6 hours ago 12 hours ago 18 hours ago 24 hours ago
ReA Current Experiment Experimenter in Charge
014065 - Rogachev, G. The T=5 particle-hole excitations in doubly magic 48Ca Jeff Blackmon
EBIT ReA RF Frequency Vault Status
4TK1T+ 4.6 MeV/u 80.500 MHz GPL Experiment running
~ i  C— S—
now 6 hours ago 12 hours ago 18 hours ago 24 hours ago
Operator Operator Operator Beam Physicist Beam
in charge on shift X on shift on call Coordinator
Genevieve ~ Tyler Caleb Chandana . Mathias
West Kabana = % Alleman Sumithrarachchi Steiner
Attenuator: Vault Secure Status o A e i
Att 1 ® K500 ® si s M~ |
® K1200 ® s3 [
® A1900 ® N3
. N4 2.00e-3 |
= 02:00 0300 0400 0500 O&‘W— oT:00 omo 00 1000 100 12:00 1300




Gas Thermalization

-

. 4“;'**”_& '3 ,fﬁwl Wﬁ , 4 'I-.;:L“} ' L /

L : 1/ 1/ |

ANL gas "

/catcher )

Advanced Cryogenic Gas Stopper is being
fabricated for installation on a second line
next to ANL gas catcher.

I3 Thursday 9:00 (Sumithrarachchi)



Q] Helium Jet lon Guide System

[ 1

LNt | | N2 |

B1331 35137

Helium-Jet lon Source was constructed/tested
at ORNL, now being installed on roof of N1
vault. Catcher cell will be at the focal plane of

the A1900 fragment separator.
This system will allow for the harvesting of rare

Thermalized ion will be transported using a wax  isotopes that would otherwise be lost on focal
aerosol in Helium gas through a thin capillary. plane slits.



Q] A1900 Rigidity Calibration

K1200 T
O | /4 —_
:1’.{2 =
gate valve /
& detector
gate valve
& detector

Old rigidity calculation was based on the
assumption of a constant dipole radius.

An absolute rigidity and energy calibration

This (obviously flawed) assumption lead to was performed using a time-of-flight (TOF)
problems with energy loss and stopping technique along a straight beam line sec-
range calculations for thermalized beam tion in the S2 vault.

experiments.

Beam TOF was measured with a gamma
detector placed at two different gate valves
along beam line with RF as a reference.

A1900 rigidity now calibrated with accuracy of +0.1%

15" Tuesday 11:30 (Ginter)
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A1900 Rigidity Calibration

3.10 F

ki
o
©

3.08

dipole radius (m)

3.07

3.06 b

II'IIII rrry

I & boo& pan

Se-82, det. 1
Sn-124, det. 1
Zr-96, det. 1
Ca-48, det. 1
Se-82, det. 2
Sn-124, det. 2
Zr-96, det. 2
Ca-48, det. 2

= polynomial fit

1% In P
— 1% Iin B P
— 2% InE

1.9

2.0

285 30 35 4
measured rigidity (Tm)

15" Tuesday 11:30 (Ginter)

0

Based on the new rigidity calibration dipole
radii in the A1900 were mapped as a func-
tion of rigidity.

Different degraded primary beams were
used over a range between 1.5 and 4.5
Tm.
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)| FRIB Construction and Alignment of the A1900

SC

zZ
-

Due to concerns with floor movements during

FRIB construction, an online floor level monitoring
system (Geokon model 4675 Liquid Level Sensor)
was installed under dipole 2, 3, and 4 of the A1900
fragment separator. Reference level was a sensor
at the focal plane, assumed not to move.

o




FRIB Construction and Alignment of the A1900

SR
O

——D4 —D3 ——D2

0.5

0.5

0.0

0.0

-0.5

-0.5

Q
-
1

-1.0

-1.5

v o
- N

| Ec_g Ju

-2.0
-2.5
-3.0

-3.5

-4.0

-4.5

-5.0

WSO\

-4.5

<
'?

1)
0

o
‘?

01-60-910¢

91-20-910¢

12-G0-910¢

9¢-€0-910¢

0€-10-910¢

G0-¢l-Gl0¢

0L-01-G10¢

G1-80-G10¢

0¢-90-G10¢

GZ-¥0-G10¢

8¢-¢0-G10¢

€0-10-G1L0¢

80-1L-v10C

€1-60-v10¢

61-L0-¥10C

¥Z-G0-¥10¢

6¢-€0-v10C

10-¢0-¥10¢



M
®

Sn Automated A1900 Dipole Matching
Delta-B vs Time (s)
0.01
0.001
0.0001
Dipoles have a long field settling time
0.00001 Aclhieving correct final field required several
adjustments
Manual matching requires operator attention
= Development of predictive matching
using B(t) analysis
0.000001

100 200 300 400 500 600
I3~ Wednesday 12:00 (Steiner)



e

Automated A1900 Dipole Matching

NSCL
o] “Typical” manual matching
o] by tired operator hitting match
SN button to adjust field many times
" — magnet set current
8 ’

74,20
1

1.2155
1

Value 2: 7026D5-LSETV [Amps]

74,00
1

Value 1: 7026D5_MAG.FELD [Amps]
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e
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D ]
] F —
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["a] ﬁ:- -
5] & t field
g1 & magnet fie
- J
8] S
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Automated A1900 Dipole Matching

Value 1: 704805 MAG.FELD [Amps], Z026D5_MAG.FELD [Amps]
0.9510 0.9515 0.9520 08525 0.9530 089535 0.8540 0.9545 09550 0.89555 0.956(

0.9505

0.,9500

IIIIIJIIIIIIIIIIII.II:TIIIIIIIIIIIIIIIIIIJIIIIIIIIIIIIIIIIIIIIIII

Matching algorithm uses

NMR field measurements
during first 2 minutes to
predict final settling field

1|

haﬂius

Z026DS NMR: [osszi0T| " frozen

]z} T

Kb D1 [toop 9; lock 1]L. 9.52102 kG

[1 status: Ready. ™
LLE:]

Z2048DS | 2.9380Tm| NMR: | 0.95004 T 5 ogan

] ] Tk

R D2 Jloop 3; lock 0]S 9.83539 kG |

|1_ Status: Ready.

Magnet current adjusted
based on predicted settling field

1_\_‘_‘_\—'_‘\;

Field settles to correct final value

T T
09:18
2016-05-0&

T

T T

05:20

T T T T T T T T T T T T

09:22

09:24

T T T T T T T T T T T T T T T

09:26 0928

09:30

Time




CCF Operations Availability
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NSCL
1.0
0.9
0.8
=
E
< 0.7
g
& I —
Availability = MTBF / (MTBF + MDT)
0.6 MTBF = Mean Time Between Failures
ﬂ MDT = Mean Down Time
0.5
M Cryo-plant
turbine failure
0.4 ¢
2000 2002 2004 2006 2008 2010 2012 2014 2016

Year



CCF Operations Availability
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A1900 Dipole 3 Failure
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A1900 Dipole 3 Failure

Back of the power supply
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11515y

During power supply replacement original stain-
less steel bolt was replaced with brass bolt in
order to increase conductivity.

This bolt was found broken inside the power
supply rack.



o A1900 Dipole 3 Failure

After removing the lead can it became obvi-
ous that superconducting lead wires were
significantly damaged.
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A1900 Dipole 3 Failure

Damaged coil package was replaced with
spare one (4 weeks repair).

New work instructions for electrical lead

connection:

« silicon-bronze bolts (manufactured
according to ASTM B99) from approved
vendor

» specified torque during installation

- verify conductivity with milli-Ohm meter

Checked all magnet lead connections in the
laboratory with milli-Ohm meter and thermal
imaging under load.
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A1900 Dipole 3 Failure

Time Line
11/03/2015
11/04/2015

11/05/2015
11/06/2015
11/09/2015
11/25/2015
12/10/2015
12/29/2015
01/05/2016
01/18/2016

Magnet failure

Extent of damage realized, decision to warm up magnet
Decision to turn off all superconducting magnets to inspect bolt connections

Project plan with two options: Magnet Repair / Magnet Replacement
Decision to start winter maintenance shutdown 5 weeks early
Decision to replace magnet

Old magnet removed, new coil package and iron yoke installed
Cryo-welding completed

Magnet filled with liquid Helium

Magnet tested at 160 Amps

Magnet tested with beam, rho calibration

w A $3 item used in the wrong way can cost you easily $3,000,000





