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• LEBT output/RFQ input beam current measurements
• LEBT output/RFQ input beam emittance measurements
• Evaluation of the RFQ transmission performance

• Summary
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The SNS accelerator system overview
Front-End:

Accumulator Ring:

Produce 1 ms long, Hbeam pulses at 60 Hz
with ~300 ns chopped
every ~1 ms

Compress 1 ms long pulse
to ~700 ns

<1 ms

65 keV 2.5 MeV

IS

~1 GeV

RFQ

945 ns

Current

mini-pulse

Current

LEBT chopper
system makes
gaps

1 ms macropulse

~1 ms macropulse

1ms

~1 ms
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The multi-turn charge exchange injection and clean extraction of
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the2016
accumulator
ring requires chopped H- beam from the linac.

The SNS H- injector

• An RF-driven, Cs-enhanced, multi-cusp H- ion source
• A compact 2-lens electrostatic low energy beam
transport (LEBT) section
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Accelerator Front-End, Beam Test Facility and Ion
Source Test Stand
65 keV

H-

injector

BCM02

• A transformer type beam
current monitor measures
the RFQ output beam
current
• Ion source and LEBT are
usually tuned for BCM02
on the front-end

The Ion Source Test Stand
features a diagnostics chamber
with a BCM, a Faraday Cup
and an emittance scanner
Ion Source Test Stand
Emittance
Scanner
(under initial commissioning )

All three systems feature essentially
the same H- injector.

It is important to measure the LEBT
output/RFQ input beam, especially when
the
performance is in question.
NIBSRFQ
2016 - Han
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BCM

Faraday Cup

LEBT output/RFQ input beam current
measurements
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The H- injector beam current measurement
• Due to space limitation, there is no conventional beam measurement devices, e.g. beam
current monitor toroid or insertable Faraday cup, in the LEBT section.
• A TZM alloy annular plate surrounding the RFQ entrance, called chopper target, is designed
to receive and drain the chopped beam.
• The chopper target is
electrically isolated from
the structure and the
received charges on the
chopper target is drained
through a 50  resistor.
The voltage across the
50  resistor allows
measuring the chopper
target current.
• The LEBT output beam
current can be measured
if the beam can be
entirely deflected and
collected on the chopper
target.
7 NIBS 2016 - Han

Beam chopping and steering scheme on the Front-End
The second lens is split into four quadrants,
which allows rapidly-switched bipolar voltages
(2.5 kV) on the opposite pairs of the four
quadrants to chop the beam, and superimposed
DC voltages up to -3.0 kV to steer the beam.
The chopper target has a 7.5 mm I.D. which
defines the RFQ entrance aperture. A shield
limits the chopper target O.D. to 33.3 mm.
BCM02
33 mA

Waveforms of the chopping pulsers

0

Chopper target
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Beam deflection with chopping and steering
-46.0+2.3

B
-46.0+2.3

A

C

-46.0-2.3

D
-46.0-2.3

SIMION simulation for nominal chopping
visualized in the diagonal deflection direction

With nominal chopping, the beam is mostly
intercepted by the chopper target but with a
small fraction entering the RFQ with large
angle and offset and being lost in the RFQ.

-46.0+2.3

B
-46.0+2.3

A

C

-46.0-2.3-3.0

D
-46.0-2.3-3.0
With additional steering of -3.0 kV on top of the
nominal chopping, it seems the beam can be
entirely intercepted by the chopper target.
SIMION simulation for nominal chopping with additional
steering
in the diagonal deflection direction
2016 -visualized
Han
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Concerns with the secondary electrons

SIMION simulation for nominal chopping with additional
steering visualized in the diagonal deflection direction.
Separately launched electrons from the lens-2 are also shown.

• The strong field (several kV/mm) at the chopper
target surface induced by the lens-2 high negative
voltage provides adequate suppression for the
secondary electrons emitted at the chopper target.
• A simplified simulation by launching e- with a few eV
of energy and randomized angles at the surface area
of lens-2 where the halo of H- beam may hit suggests
that these electrons may mostly travel to the RFQ
entrance hole missing the chopper target.
• The plateaus seen in the chopper target signal
scanned with steering voltages give us more
confidence that effect of secondary electrons emitted
at the lens-2 surface is not significant.
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Chopper target signal scans with steering
voltages on top of the nominal chopping

Chopper target measurement method
• We implemented this measurement technique in 2010, and started measuring the LEBT
output/RFQ input current regularly in 2012 when the RFQ performance became a concern.
Initially, we determined the max chopper target current by scanning the chopper target
current with steering voltages applied in pairs on top of the nominal chopping voltages.
• A full set of chopper target current scans takes more than an hour of precious machine time.
We developed a rapid method that is to
1. set all the steerers to even voltage, -1.5 kV,
2. find the neighboring pair of steerers that favors the largest beamlet in the four
beamlets,
3. dial the pair of steering voltages to -2.5 kV,
4. dial the pair of steering voltages to -3.0 kV,
5. compare the intensity of the largest beamlet in the two cases, then pick the
greater one as the max chopper target current.
• In practice, we found that dialing a pair of steerers to the extremes favoring the largest
beamlet does not always find the max chopper target current. In some cases, still some more
beam (1-2 mA) were measured by individually tuning all the steerers. This is because the
beam is not always centered in the lens-2, and the off-centered beam is not necessarily on
one of the diagonal directions.
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An example of LEBT output/RFQ input current measurement
Baseline
current when
the beam is
optimized for
transmission
2 mA

Max chopper
target current
obtained with
tuning all the
steerers
61 mA
RFQ input
current
61-2=59 mA
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Intercepted current (mA)

Refining the chopper target measurement method
60

Local scans vs lens- 2

55

41 kV

50

42 kV

45

45 kV

40

49 kV

35

53 kV

30

• Repeat the measurement with
different lens-2 voltages which allows
to find a possible tune which focuses
the beam right at the chopper target
while avoiding beam scraping on the
lens-2
• Do local scans of the steerers near
the max point found with individually
tuning the steerers.
• So far, we have seen 0-2 mA
difference.

3/26/2016
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65

Local Scans vs lens-2
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Intercepted current (mA)

Intercepted Current (mA)
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Local scan vs lens-2
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RFQ input current measured over the past 6 years
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LEBT output/RFQ input beam emittance
measurements

15 NIBS 2016 - Han

The SNS Allison Emittance Scanner

The particles passing the entrance slit with energy U and trajectory angle x need to be
redirected to the exit slit with bipolar voltages V = 2(go+d)xU/Leff . So, the voltage to angle
conversion is x = V/ULeff/2(go+d).
With Leff = 119 mm, Vmax = 1000 V, go = 6.9 mm, and d = 1.0 mm, for a H- beam with energy
of 65 keV, the max measurable angle is about ±115.8 mrad.
SIMION simulation of a 65 keV H- beamlet with 115 mrad trajectory angle

-1000 V
+1000 V
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#3 source emittance (~60 mA)
#3 source, 7/6/2012, Vertical

n, rms, 0.5% threshold

0.366

(mm mrad)

58 mA
Accel:64.5kV,E-dump:6.2kV, Lens1:48.0kV, Lens2: 42.5kV
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#4 source emittance (~50 mA)
#4 source, 6/29-7/3/2012
Horizontal, 3° tilt

n, rms, 0.5% threshold

Horizontal, 0° tilt

0.348

0.377

50 mA

52 mA

Vertical
0.311

(mm mrad)

Accel:64.5kV,E-dump:6.2kV, Lens1:48.0kV, Lens2: 42.5kV
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52 mA

New background subtraction approach for earlier emittance
data that was accompanied by neutral beam induced signal
• Previously, we reported some
emittance measurement
results. At that time, to
eliminate a neutral beam
induced accompanying signal
(it was caused by mistakenly
used positive power supply in
place of a negative supply for
the emittance scanner faraday
cup suppressor) from the
emittance calculations, we
applied a threshold of 10%.
• Recently, we applied a new
background subtraction
approach. With this new
background subtraction
applied, the emittance data
obtained with wrong polarity of
the suppressor be treated in
the same way as the clean
data measured with correct
polarity.
• We reevaluated some of the
earlier emittance data with
0.5% threshold.
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Threshold vs. included current and RMS emittance
Example: source #4, 52 mA beam, 0 degree source tilt, horizontal emittance

Raw data
Beam integral: 270.09
Percentage:
100%
Emittance: 0.387 mmmrad
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0.5% threshold
269.08
99.6%
0.377 mmmrad

10% threshold
220.05
81.5%
0.196 mmmrad

Emittance recalculated for data with neutral signal
#3 source, horizontal, 3° tilt, March 21, 2012
(numbers in parentheses are 10% thresholded emittances)

n, rms, 0.5%

0.160 (0.138)

0.175 (0.143)

0.196 (0.156)

(mm mrad)

25 mA

n, rms, 0.5%

0.223 (0.172)

30 mA

0.251 (0.198)

35 mA

0.275 (0.224)

0.292 (0.244)

(mm mrad)

40 mA

45 mA

50 mA

Accel:64.5kV,E-dump:6.2kV, Lens1:49.0kV, Lens2: 46.5kV
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55mA

Emittance recalculated for data with neutral signal
#3 source, horizontal, 0° tilt, March 21, 2012
(numbers in parentheses are 10% thresholded emittances)

n, rms, 0.5%

0.203 (0.165)

0.249 (0.209)

0.287 (0.238)

(mm mrad)

35 mA

45 mA

Accel:64.5kV,E-dump:6.2kV, Lens1:49.0kV, Lens2: 46.5kV
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55 mA

Emittance recalculated for data with neutral signal

#3 source, vertical, March 21, 2012
(numbers in parentheses are 10% thresholded emittances)

n, rms, 0.5%

0.178 (0.155)

0.223 (0.203)

0.262 (0.221)

(mm mrad)

35 mA

45 mA

Accel:64.5kV, E-dump:6.2kV, Lens1:49.0kV, Lens2: 46.5kV
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55 mA

Emittance recalculated for data with neutral signal
External antenna source, vertical emittance , Aug. 4-7, 2009
(numbers in parentheses are 10% thresholded emittances)

n, rms, 0.5%

0.154 (0.113)

0.143 (0.096)

20 mA

25 mA

0.157 (0.096)

0.175 (0.098)

(mm mrad)

n, rms, 0.5%

0.198 (0.113)

0.214 (0.136)

30 mA

36 mA

0.254 (0.202)

0.314 (0.233)

50 mA

55mA

(mm mrad)

40 mA
24 NIBS 2016 - Han

45 mA

Accel:64.5kV,E-dump:6.2kV, Lens1:48.0kV, Lens2: 27.0kV

Emittance Measurement Summary Plot
0.25 to near 0.4 mm·mrad
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Evaluation of the RFQ transmission
performance
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RFQ input and output currents, and transmission

RFQ was retuned

27

• In 2010, we measured ~90% beam transmission through the RFQ for ~45 mA input beam.
• In 2012, the RFQ transmission was measured to be only 60-75% for ~50 mA beam.
• Distortion of the RFQ field distribution was noticed and it was corrected by retuning the RFQ in June
2013, which partially recovered the RFQ transmission.
• The RFQ transmission is highly dependent on the RFQ field amplitude. Not being able to operate
NIBS 2016 - Han
the RFQ at higher power level due to thermal instability is also a limiting factor.

RFQ transmission vs. input current over time
RFQ field distortion was
identified during this time
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RFQ was retuned

RFQ transmission vs. input current and RF field
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RFQ transmission vs. input current and ion sources
2010
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Where is the RFQ transmission on a simulation map

1.0

RFQ TRANSMISSION

PARMTEQ
0.9

Expectation
0.8
0.1 mm-mrad

0.7

0.15 mm-mrad
0.2 mm-mrad

What we have now

0.25 mm-mrad

0.6

0.3 mm-mrad
0.35 mm-mrad
0.4 mm-mrad

0.5
20
100

40

60

INPUT BEAM CURRENT [mA]

*The simulations were done by Dr. Alexander Aleksandrov with PARMTEQ.
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80

100
100

Summary
• The chopper target beam measurement technique provides
reasonably reliable measure for the LEBT output/RFQ input beam
current on the accelerator front-end.
• According to the measurements, the RFQ input current delivered
from the H- injector is typically in a range of ~50-60 mA.
• For a 50-60 mA beam, the measured emittance is in a range of
0.25-0.4 mm∙mrad.

• The RFQ transmission is currently about 60-75% which is lower
than what is expected from the simulation as well as what was
measured in 2010.
• Distortion of the RFQ field distribution and inadequate cooling to
operate the RFQ at higher power were identified to be limiting
factors. A New RFQ is being tested on the Beam Test Facility
(Details in the talk TueO8 by Dr. Welton).

Thank you for your attention!
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