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Segments of Beam Path from 
Beam Line to Storage Ring

(1) hole in back leg, (2) storage ring fringe field, (3) inflector channel

(1) (2)
(3)

3From W. Meng, June 2008 collaboration meeting

How	do	twiss	parameters	propagate	through	iron,	cryostat,	inflector	into	ring	
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Effective	gradient						G	≈	(1+cos(63.9))/2	(ΔBy/ΔR)	

N.S.Froemming  |  Muon G-2 Collaboration Mtg. |  2013.04.05

“Injection Region”

2

Wuzheng’s detailed 4.3m field region

63.9	deg	
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Inflector Beam-Monitoring System (IBMS)

Nathan S. Froemming 1

IBMS:  A system of 3 detectors to monitor the beam during injection

#1 #2
#3

(Inflector)
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Inflector Geometry 

D.	Rubin	
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324 THE SUPERCONDUCTING INFLECTOR MAGNET
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(a) Inflector Conductor Arrangement

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.00.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

50.0

55.0

60.0

65.0

X [mm]

Y [mm]

Beam
Channel

(b) Calculated Field

Figure 10.6: (a) The arrangement of conductors in the inflector magnet, showing the direction
of the inflector field BI and the main field B0 for a beam of positive muons going into the page.
The current in the inner “C” is into the page and is out of the page in the backward “D”.
(b) Magnetic field lines generated by this arrangement of conductors. The beam aperture is
18⇥ 56 mm2.

(a) Closed Inflector End (b) Open Inflector End

Figure 10.7: (a) The prototype closed inflector end. (b) The prototype open inflector end.

thought to be more stable from quenches. However, a 0.5 m prototype was constructed with
one open and one closed end, which are shown in Fig. 10.7. This prototype inflector was
operated in the earth’s field, and then in an external 1.45 T field without incident.

The inner coil and the outer coil are connected in series. The joint is located inside the
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There	is	some	uncertainty	regarding	magnitude	
of	the	gradient	in	the	inflector	:	maintain	
flexibility		

to penetrate conductor layers, resulting in multiple
scattering, but provides much better mechanical
and cryogenic stability, and occupies less physical
space. Later studies also showed that the closed-
type option gives much less fringe field. A third
option, with the upstream end open and the
downstream end closed, was also discussed. In
that case, the muon storage efficiency would not
increase significantly, while the engineering diffi-

culties would remain 2. The second option, with
both ends closed, was chosen.

The outer coil has many more turns (52 turns)
than the inner coil (36 turns). A difficulty in
stacking the end layers for the outer coil was
solved by using a double-layer winding scheme.
For the first layer, only every other turn was

Fig. 7. Inflector cross-section.

Fig. 8. End options.

2E821 Design Report, BNL

A. Yamamoto et al. / Nuclear Instruments and Methods in Physics Research A 491 (2002) 23–40 29
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Figure 10.6: (a) The arrangement of conductors in the inflector magnet, showing the direction
of the inflector field BI and the main field B0 for a beam of positive muons going into the page.
The current in the inner “C” is into the page and is out of the page in the backward “D”.
(b) Magnetic field lines generated by this arrangement of conductors. The beam aperture is
18⇥ 56 mm2.

(a) Closed Inflector End (b) Open Inflector End

Figure 10.7: (a) The prototype closed inflector end. (b) The prototype open inflector end.

thought to be more stable from quenches. However, a 0.5 m prototype was constructed with
one open and one closed end, which are shown in Fig. 10.7. This prototype inflector was
operated in the earth’s field, and then in an external 1.45 T field without incident.

The inner coil and the outer coil are connected in series. The joint is located inside the
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thought to be more stable from quenches. However, a 0.5 m prototype was constructed with
one open and one closed end, which are shown in Fig. 10.7. This prototype inflector was
operated in the earth’s field, and then in an external 1.45 T field without incident.
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thought to be more stable from quenches. However, a 0.5 m prototype was constructed with
one open and one closed end, which are shown in Fig. 10.7. This prototype inflector was
operated in the earth’s field, and then in an external 1.45 T field without incident.

The inner coil and the outer coil are connected in series. The joint is located inside the

Cool	storage	ring	magnet	and	power	
Flux	penetrates	shield	–	Type	II	0.009	T	threshold	
Cool	shield-inflector	–	main	field	penetrates	and	is	trapped	
Power	inflector	–	shield	acts	like	perfect	paramagnet	
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µ- curl
inward

µ- curl
outward

injection
point

Total Mapped By at y=0
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Injection	channel	defocusing	
The	4.3m	injection	channel	can	be	modeled	as	follows	

drift	

				quad	
Qfringe(k=-0.36)	

1.6m	 1.3m	 1.7m	

				quad	
Qinf(k=-0.16)	

Dipole	fringe	and	inflector	
overlap	

Or	we	can	compute	the	transfer	maps	numerically	by	tracking	
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Injection	Channel	

B 

Role of the Inflector 

6 

B. Lee Roberts, Muon g-2 Independent Design Review, June 5-7 2013 

The requirement of a uniform magnetic field means no 
gaps for injecting the beam. Everything has to fit 
between the pole pieces. 

Muons	come	to	the	end	of	the	M5	line	
and	then	propagate	through:	
•  Hole	in	magnet	yoke	
•  Dipole	fringe	field	
•  Inflector	
And	exit	the	inflector	77	mm	from	the	
center	of	the	dipole	aperture	

The	magnetic	field	is	near	zero	at	the	
inner	surface	of	the	yoke,	and	rises	to	
1.45T	between	the	magnet	poles,	over	a	
distance	of	~39cm		

39cm	
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Inflector 
Services

Inflector Body

Inflector 
Cryostat

Central Orbit

Fixed NMR
Probe

Muon Beam Vacuum Chamber

Figure 10.11: Plan view of the combined inflector cryostat-beam vacuum chamber arrange-
ment. The inflector services (power, LHe and sensor wires) go through a radial hole in the
back-leg outside of the storage-ring magnet. The NMR fixed probes are in grooves on the
outside of the vacuum chambers, above and below the storage region. The red arrow shows
the muon beam central orbit.

Figure 10.12: A photo of the inflector cryostat.

A method of using SC material to shield the inflector residual fringe field was studied and
developed. The fringe field specification was then satisfied.

A test sheet of a superconducting shield was developed that contained 30 layers NbTi, 60
layers Nb, and 31 layers Cu. The Cu layers greatly improved the dynamic stability against
flux jumping [9]. The Nb layers act as barriers, which prevent the di↵usion of Ti into Cu. The
di↵usion could form hard inter-metallic layers and create di�culties for the rolling process.
Fig. 10.15 shows the typical cross section of the sheet. Based on successful tests, Nippon
Steel Corp. developed large, thin pieces of sheet especially for the (g � 2) inflector, to cover

328 THE SUPERCONDUCTING INFLECTOR MAGNET

Figure 10.13: A photo of the inflector cryostat exit. A silicon detector (in blue) measured
the beam profile just downstream of the inflector cryostat exit

Pole bump

Pole bump

Iron wedge

Beam
channel

chamber

77 mmInflector

Beam vacuum  

R = 7112 mm from ring center

= 45 mm

Iron wedge

region

Outer cryostat

Partition wall

Muon storage

Upper pole piece

Passive superconducting

Inflector
cryostat

Superconducting

ρ

coils
shield

Figure 10.14: The inflector exit showing the incident beam center 77 mm from the center of
the storage region. The incident muon beam channel is highlighted in red. (Modified from
Fig. 9.6)

its 2⇥ 0.5 m2 surface and to fit into the limited space between the storage region and main
magnet coil. The shielding result was extremely satisfactory.

The steps in using the shield are as follows:

1. With the inflector warm (⇠ 20 K) the storage ring magnet is powered and allowed to
reach equilibrium.
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Outer Coil Cryostat

Concave Wall

Injection Beam Line

(a) Outer Coil Penetration (b) Outer Coil Penetration

Figure 10.9: (a) A plan view of the beam penetration through the outer coil and cryostat.
(b) A photo of the hole in the outer cryostat that the muon beam passes through.

Chamfer

Beam Channel

Figure 10.10: An elevation view of the inflector entrance showing the concave wall of the
outer-coil cryostat where the beam exits the outer coil-cryostat.

would be incomplete, directly impacting the error of the measurement precision of the muon
magnetic moment.

Conventional magneto-static shimming studies to reduce this fringe field using computer
simulations were carried out. The iron compensation must be located outside the muon
storage region, far from the disturbance it is trying to shield. Thus its contribution to the
central field would be a slowly varying function in this space (long wavelength), which is not
able to cancel the larger gradient fringe field to an acceptable level [12].

The best way to eliminate a multipole fringe field is to create an opposite multipole
current source with the same magnitude. The best such current source is the super-current
generated inside a superconducting material due to the variation of the surrounding field.
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would be incomplete, directly impacting the error of the measurement precision of the muon
magnetic moment.

Conventional magneto-static shimming studies to reduce this fringe field using computer
simulations were carried out. The iron compensation must be located outside the muon
storage region, far from the disturbance it is trying to shield. Thus its contribution to the
central field would be a slowly varying function in this space (long wavelength), which is not
able to cancel the larger gradient fringe field to an acceptable level [12].

The best way to eliminate a multipole fringe field is to create an opposite multipole
current source with the same magnitude. The best such current source is the super-current
generated inside a superconducting material due to the variation of the surrounding field.
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340 THE SUPERCONDUCTING INFLECTOR MAGNET

(a) Encased Coil End (b) Coil Removed

Figure 10.24: (a) View of the magnet end. The coil block was epoxy impregnated inside the
aluminum case. (b)Coil block removed from the aluminum case.

(a) Separating the Coils (b) The mandrels

Figure 10.25: (a)Separating the inner and outer coils (b)Inner (left) and outer (right) coils
aluminum mandrels after removing the superconductor from slots.

with 10 A total current. These correctors could be mounted on the pole tips or on the
vacuum vessel walls.

Development of Superconductor for a New Inflector

In the present double cosine theta design, the operating current of the inflector is 2,685 A.
The conductor of the original inflector had bare dimensions of 2 mm⇥3 mm. In an optimized
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280 THE MUON STORAGE RING MAGNET

Shim plateThrough bolt

Iron yoke

slot
Outer coil

Spacer Plates

1570 mm

544 mm

Inner upper coil

Poles

Inner lower coil

To ring center

Muon beam

Upper push−rod

1394 mm

360 mm

“Back-leg”

Figure 9.1: Cross section of the E821 storage-ring magnet. The yoke is made up of 12
azimuthal sections, each of which consists of six layers of high quality magnet steel provided
by Lukins Steel Corporation. The pole pieces were provided by Nippon Steel Corporation.

and hence low ripple currents; and thermal independence of the coils and the iron. The
main disadvantage was that the coils would have a much larger diameter and smaller height
than any previously built superconducting magnet. However, since the E821 magnet team
could not identify any fundamental problems other than sheer size, they decided to build
superconducting coils.

To obtain the required precision in such a large diameter magnet with an economical
design is an enormous challenge. The magnet had to be a mechanical assembly from sub-
pieces because of its size. With practical tolerances on these pieces, variations up to several
thousand ppm in the magnetic field could be expected from the assembled magnet. To
improve this result by the required two to three orders of magnitude required a shimming
kit.

Because of the dominant cost of the yoke iron, it was an economic necessity to minimize
the total flux and the yoke cross-section. This led to a narrow pole, which in turn conflicts
with producing an ultra-uniform field over the 9 cm good field aperture containing the muon
beam.

A simple tapered pole shape was chosen which minimized variations in the iron perme-
ability and field throughout the pole. The ratio of pole tip width to gap aperture is only
2/1. This results in a large dependence of the field shape with the field value B. However,
since the storage ring is to be used at only one field, B = 1.45 T, this is acceptable. Because
of dimensional and material property tolerance variation, the compact pole piece increases
the necessity for a simple method of shimming.

Experience with computer codes, in particular with POISSON [4], had demonstrated that,
with careful use, agreement with experiment could be expected at a level of 10�4 accuracy.
POISSON is a two-dimensional (2D) or cylindrically symmetric code, appropriate for the essen-
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Figure 9.2: Cross section view of the magnet gap region.

a tolerance of 50 µm. The thickness (vertical) of each piece is 13.3 cm with a tolerance of
40 µm. The pole faces which define the storage ring gap have tight machining tolerances.
Each face has a flatness tolerance of 25 µm, leading to upper and lower faces being parallel
within a 50 µm tolerance. The surface finish is 0.8 µm. These machining tolerances are
so stringent due to the large quadrupole moment introduced by non-parallel surfaces. An
OPERA-2D simulation of the magnet has determined that a 100 µm tilt of the pole piece
over its width corresponds to > 100 ppm. This is in good agreement with the 2D POISSON

calculations performed for the E821 simulations.

Each yoke sector contains three pole pieces. Vertically, the pole pieces are mounted to
the yoke plates with steel bolts. The outer two pieces are each machined radially, parallel
to the yoke sector. The middle pole piece in each sector is interlocking, with an angle of
7� with respect to the radial direction. The pole pieces were isolated azimuthally by 80 µm
kapton shims, which served two purposes. First, the kapton shims helped position the pole
pieces at the correct azimuth. Second, the kapton electrically isolated the poles from each
other, allowing small reproducible eddy currents. If the poles were all in contact with each
other, large eddy currents would develop around the entire circumference of the ring during
field ramping and energy extraction.

The pole gap distance was measured using a capacitive sensor, as described in Section
15.8.2. The gap was 18 cm with an rms variation of ±23 µm, and a full range of 130 µm.
As the magnet is powered, the induced torque causes the open side of the C-magnet (inner
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Cross Section of Storage Ring 
and Magnetic Field
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Radial beam motion 

•  Beam	exits	yoke	
•  Beam	through	outer	coil	
•  Beam	through	Inflector	
•  Beam	kicked	onto	orbit	

B 
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CHAPTER 9 303

• the large magnetic forces on the pole, yoke, coils, and wedge shims. These magnetic
forces are input for calculations of the deflections and stresses [16, 17, 18].

• the transients (eddy) currents from magnet quenching. These currents warm up the
cryostats, and cause small voltage di↵erences across the ring [21, 20, 19].

• the dependence of the field quality on alignment mismatches, which are input to the
alignment tolerances [22, 23, 24, 25].

The E989 models confirm E821’s Opera2D and Poisson calculations. Figure 9.18 and 9.19
show force calculations on poles and coils.

Figure 9.18: Magnetic force on the pole from an Opera2D calculation. The number in
parenthesis is a calculation from BNL E821 g-2.

9.7 Alignment

This section of the TDR describes the necessary steps for the alignment of the g-2 magnet
ring yokes and poles. Unlike the case of positioning a new accelerator system, this instal-
lation requires positioning the components to an existing location derived from BNL E821
measurements. During the construction of the g-2 ring at BNL the designers had the freedom
to shape every sixth pole piece to the existing gap. In our case we do not have that degree-
of-freedom. So we need to place the components as close to their as-found components as
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Figure 15.19: OPERA-2D model of the g�2 magnet. The yoke and wedge shims are steel and
shown in blue. The pole pieces (cyan) are made from ultra-low carbon steel (ULCS). The
current in the superconductor coils is into the page for the inner coils and out of the page
for outer coils.

In E821 the shimming trolley was positioned on the end of a ⇡ 7 meter turntable arm
positioned about the center of the storage ring. Rotating the turntable allowed the shimming
trolley to map the field at various azimuthal positions. In E989, the trolley will be moved
manually or with a small arm and motor.

The platform on which the shimming trolley rests also allows for a precision measurement
of the vertical gap between the upper and lower pole faces. This information can then be used
to re-align the pole pieces ultimately producing a more uniform field. In E821, plastic rods
with capacitive sensors on each end allowed for a determination of the relative parallelism
between the poles [31]. For E989 the plastic rods might be replaced by quartz rods or other
materials with very low coe�cients of thermal expansion and low susceptibility. Furthemore,
we are upgrading the capacitive sensors to a series whose readings are less sensitive to
temperature and contain fewer field-perturbing elements. Careful attention will be paid to
systematic e↵ects due to changes in the rod angles and di↵erences in length.

The data from the shimming trolley is analyzed and used to inform the next iteration of
mechanical adjustments necessary to proceed to the next stage of the shimming procedure.
A two-dimensional slice of the g�2 magnet used for OPERA-2D simulations is shown in Figure
15.19 for reference.

Yoke Iron The yoke is subdivided into twelve 30� sectors, as described in Section 9.2.
Long wavelength azimuthal variations in the field uniformity are addressed by adjusting the
positioning of pieces of iron on the outer surface of the yoke. In particular, an increase in
the air gap between the top piece of steel and the upper yoke plate (see the label “Air gap”
in Figure 15.19) leads to an increase in the overall reluctance of the magnetic circuit. In this
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(a) (b)

Figure 15.27: OPERA-2D depiction of the dipole correction coils and the surface correction
coils. (a) Schematic overview showing the positions of the current traces on the printed
circuit boards. The purple box is zoomed in and displayed in panel (b). Individual traces
are adjusted to tune various multipole contributions.

that an increase of 1 A increases the field in the storage region by about 2 Gauss (140 ppm).
During beam-on data collection periods, the field is monitored by the fixed NMR probes.
The shape of the magnet gets distorted due to temperature variations which leads to a change
in the magnetic field, so a feedback loop is utilized to stabilize the dipole field accordingly.

Surface Correction coils

Correction coils on the surface of the poles permit fine control of static, and slowly varying
errors. The surface coils can be used to correct the lowest multipoles and adjust the field
by up to tens of ppm, thus providing significant overlap between the iron shimming and the
dynamic shimming. These coils have been constructed to generate moments over the entire
360� azimuth. The coils were designed with printed circuit boards, with 120 wires running
azimuthally around the ring on the top and bottom pole surfaces facing the storage ring
gap, and spaced radially 2.5 mm apart. The boards must be thin enough to fit between
the pole faces and the vacuum chamber. With the pole-to-pole spacing of 180 mm and
a vacuum chamber height of 165 mm, this allows up to 7.5 mm for each board and its
corresponding insulation and any epoxy or glue that is necessary to a�x the boards to the
surface of the poles. We have studied the surface correction coils in OPERA-2D (see Figure
15.27) and verified that the expected residual multipole contributions can be compensated
with the appropriately applied current distributions. One additional benefit of this system
is that we can induce known multipole distributions in the NMR probe region and use the
surface correction coils to help determine our position resolution of the trolley probes. A
summary of the principal current distributions is shown in Table 15.8.3. E821 used these
coils successfully to shim out the final few ppm for the higher order multipoles.

For E989, we plan to fabricate new printed circuit boards at Fermilab that extend over
each of the 72 pole pieces. Each board should contain 100 azimuthally directed traces with
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Electronics, Computer &

 

Communication
Position of

NMR Probes

(a) NMR Trolley (b) Distribution of NMR probes

Figure 15.8: (a)Photograph of the ⇠ 50cm-long NMR trolley, which measures the magnetic
field in the storage ring. The array of 17 NMR probes, which are located inside the trolley
housing, are 82(1) mm behind the front of the trolley. Electronics occupies one end of the
device. At the other end where the probes are located, the field perturbation from the
electronics is less than 2 ppm and is accounted for as part of the calibration procedure. (b)
The probe numbers and placement are given by the schematic.

cycled through continuously) for a total of 100,000 field points. During these runs, a cross-
calibration of the field observed by the fixed probes and the field measured by the trolley
probes is performed. This is required to determine the magnetic field encountered by the
stored muons in the storage volume from the measurements of the surrounding fixed probes
taken at the same time. Because this cross-calibration between the trolley measurements
and fixed probes will be slightly di↵erent each time the magnet is powered up or down
(because the field shape changes slightly), trolley runs must be taken every time the magnet is
changed. This cross-calibration is sensitive to magnet temperature and current, both of which
also change the field shape slightly. Improved insulation of the magnet and experimental
hall floor, as well as the more uniform thermal environment in the E989 experimental hall
versus E821 should keep the magnet temperature more stable and uniform. This will also
reduce the magnitude of changes to the current required to stabilize the field. Reductions in
both factors should reduce changes in the cross-calibration and allow better tracking of the
storage ring field between trolley runs. Note that these changes in cross-calibration can be
determined in advance of data-taking by measuring the di↵erence in fixed probe and trolley
probe measurements as the current in the magnet is changed deliberately, and as a function
of the experimental hall/magnet temperature. Finally, the frequency of trolley runs will be
adjusted and additional insulation can be used to ensure that the uncertainty on the field
tracking goals will be met.

The performance of the system can be gauged from E821. The magnitude of the field
measured by the central trolley probe is shown as a function of azimuth in Fig. 15.9 for one
of the trolley runs in E821. The inset shows that the fluctuations in this map that appear
quite sharp are in fact quite smooth, and that the noise is small in comparison.

Since the NMR frequency is only sensitive to the magnitude of B and not to its direction,
in addition to the main vertical field By, in principle there could be significant radial fields
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kicker plates

d

R

Inflector

central orbit
injected muons

	Kickers	

Kicker	fields	scale	with	displacement	d	
	
With	larger	aperture	inflector	
			d	=	77mm	=>	91mm	
	
Kick	angle											~	10.8	to	12.8	mrad	
Integrated	B-field	~	1.11	to	1.31	kG-m	
	

3	–	1.27m	kickers	

τrev = 149 ns 
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Kicker	Magnet	

•  10.8	mrad	kick	corresponds	to	1114	kg-m	
– 292	G	for	each	of	3	-		1.27m	long	kicker	magnets	
– 5000	A	
	

V = L
dI

dt
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

dt	=	10	ns,		dI	=	5kA,	L~	1	micro-H		=>	V	=	100kV		

Fast	pulse	=>	high	voltage	
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Pulsed	magnet	

January	21,	2019	 D.	Rubin	 29	

Thyratron	
switch	

Stored	energy	
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+V	

-V	

Magnet	

Pulse	forming	network	

thyratron	
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Deuterium	gas	filled	thyratron	switch	



Thyratron	switch	
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TO	THE	CHOICE	OF	HV	PULSER	SCHEME/TYPE	

Present	(old)	one	 Matched	line	 Blumline	transmission	line	
	
Double	impedance	
Double	voltage	

c
L

T rrεµ2
=

0
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L
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For	modeling	with	PSPICE	(Cadence)	

a)	Original	Blumlein	scheme;		
b)	In	a	second	coaxial	the	conductors	are	switched,	so	the	potential	of	inner	left	coaxial	is	the	same	as	the	
potential	of	outer	right	coaxial;		
c)	Right	coaxial	inserted	into	the	left	one.	For	this	purposes	its	radiuses	increased	accordingly.		
d)	Final	scheme.		g-2	Collaboation	meeting	

6/28/12	 D.	Rubin,	A.	Mikhailichenko,	J.	Bennett	



Topological	transformation	of	Blumline	scheme	

Alan	Dower	Blumlein	(29	June	1903	–	7	June	1942)	was	a	British	electronics	engineer,	notable	for	his	many	
inventions	in	telecommunications,	sound	recording,	stereo,	television	and	radar.	He	received	128	patents	and	
was	considered	as	one	of	the	most	significant	engineers	and	inventors	of	his	time	(Wikipedia).		

Fast	switch	
(Thyratron)	

Bent	
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Oil	filled	tri-axial	line	

Thyratron	

Voltage	at	the	input	exists	only	for	
the	time	while	the	pulse	front	
travels	to	the	end	jumper	and	back	

While	using	a	bi-polar	thyratron,	one	can	
control	the	HV	out-polarity	

+/-	

Scheme	recommended	for	the	future	
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5

Individual load for each cable (50Ω)  

KANTHAL© resistors; 1” OD; 8” long

RESISTOR LOAD; FINAL VERSION
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Kicker	has	3	identical	sections	of	1.76	m-long	each	
	
Each	section	feed	by	its	individual	HV	pulser	
			

Magnetic	field	lines	(or	electric	potential)	

Field	distribution	in	transient	moments	

These	circled	
regions	influence	
mostly	to	the	field	
strength	
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	 	Some	profiles	of	kicker	electrodes	and	guidelines	

																Wire	style		
	
	
L.Roberts,	“Kicker	R&D	Work	Plan:	Options	and	Time	Estimates”,	
New	Muon	(g-2)	Technical	Note	#003,	August	14,	2008.	

Solid	serpent	style	profile	

	Make	the	impedance	of	the	stripline	kicker	as	low	as	possible;		
					Lower	impedance	yields	lower	voltage	for	a	given	current	that	runs	in	the	plates.		
Make	the	field	distribution	either	more	homogenous	or	with	appropriate	dependence	on		
					the	transverse	coordinate,	if	necessary	by	injection.	
Choice	of	materials	should	be	done	carefully,	taking	into	account	nonzero	susceptibility.		
Stray	fields	in	surroundings	are	another	subject	for	research.	Good	conductors	allow			
				reduction	of	the	fields	capture	in	a	skin	layer,	but	circulation	time	for	the	currents		
				captured	in	a	skin-layer	becomes	longer,	so	careful	analyses	required	here.		
Profile	of	electrodes	will	be	chosen	with	appropriate	3D	modeling	
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3D	field	calculation	is	in	progress	with	FlexPDE	
Plans	to	do	this	with	HFSS	and	CTS	studio	(License	granted)	

Field	distribution	in	a	transverse	plane	
g-2	Collaboation	meeting	
6/28/12	 D.	Rubin,	A.	Mikhailichenko,	J.	Bennett	
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Picture	from	“Final	report	on	the	Muon	E821	Anomalous	Magnetic	Moment	Measurement	
at	BNL”		(arXiv:hep-ex/0602035v1	20	Feb	2006)	

Selected	muon	storage	ring	
parameters	

Kickers	



Current	Generator		
•  12.5	Ω	Blumlein	triaxial	transmission	line	
•  Assembled	from	6	–	60	inch	sections	(20	ns/section)				
(30	ft	long)		

•  Filled	with	Castor	oil,	ε=4.7,	(pulse	length	τ	α	√ε)	(as	
compared	to	Corning	561	silicon	oil,	ε=2.7)	

•  Concentric	tubes	are	separated	with	teflon	standoffs	(we	
plan	to	replace	with	macor)	

•  Two	grid(fast)	thyratron	–	rated	for	up	70kV	–	15kA					
(7.5	kA	in	load)	

•  Coupled	via	4	parallel	50Ω	coaxial	cables	and	resistors	
(12.5	Ω	equivalent)		to	the	kicker	magnet		
January	21,	2019	 D.	Rubin	 45	
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Blumlein	Pulse	Forming	Network	

Blumlein	
•  voltage	at	load	is	equal	to	charging	voltage	
•  Base	of	switch	(thyratron)	at	ground	

Simple	transmission	line	
•  voltage	at	load	is	½	charging	voltage	
•  Base	of	switch	floats	

⌧ =
2D

v
= 2D

p
µ✏

c
Pulse	length	
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insulator	

thyratron	

Blumlein	Pulse	Forming	Network	

D	=	9m	
ε  = 4.7 (Castor	oil)
     =>  τ = 120ns	

⌧ =
2D

v
= 2D

p
µ✏

c
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One peculiarity of cable loading at the kicker entrance

Direction of kick

l k

Beam of μ+

¤ center

So the pulser looks like a current generator (zero intrinsic impedance; zero out voltage);

Charging of Blumlein (and capacitor in E-821) is going through the kicker.

Loading

resistor

In a Blumlein (and in E-821) the

pulse has negative polarity

Blumlein	–	matched	load	-	magnet	
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Blumlein	schematic	

12.5	Ohm	Blumlein	

3500A	X	12.5Ω 	=	43.75kV		

!

Four	parallel	50	Ω coaxial 
cables couple 12.5Ω  
Blumlein to load 
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Blumlein	business	end	
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FERRITE RINGS (FOUR)
CAP ON THE INNER COAX
CONDUCTOR

CABLES AT THE BLUMLEIN END
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4	–parallel	coax	to	load	
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RESISTORS AT THE INPUT OF KICKER

EACH 50 Ω CABLE LOADED TO 50 Ω RESISTOR

Resistors		are	cooled	
in	flourinert	

Vacuum	
chamber	
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Coupling	to	magnet	

4	load	resistors	4	50Ω		coaxial	cables	 Vacuum	chamber	

flourinert	
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RESISTORS IMMERSED IN A RESERVOIR FILLED WITH FLUORINERT FC-40
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Load	resistors	
cooled	in	flourinert	
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CABLES AT RESISTOR SIDE; EACH CONE CAPTURES IT’S RESISTOR
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Current	transformer	and	
shorted	kicker	

D.	Rubin	
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402 THE ELECTROSTATIC QUADRUPOLES (ESQ) AND BEAM COLLIMATORS
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Figure 13.8: Schematic diagram of the E821 ring showing the location of the half and full
collimators. For the FNAL experiment, there will only be full collimators.

Figure 13.9: Photograph of a half-aperture beam collimator from E821.

Inflector	–	Kickers	-	Quadrupoles	
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398 THE ELECTROSTATIC QUADRUPOLES (ESQ) AND BEAM COLLIMATORS

Figure 13.4: A photograph of the downstream end of a vacuum chamber with the cage and
quads showing.

CHAPTER 13 399

Figure 13.5: One cage (placed here up-side-down) that holds the plates of the electrostatic
quadrupoles of the muon (g � 2) experiment.

The placement accuracy was 0.5 mm for the horizontal (top/bottom) quad electrodes,
and 0.75 mm for the vertical (side) quad electrodes. When measured by the surveyors the
electrodes were found to be well within those values.

Electrical Design

The electrical diagram of the quadrupoles is given in Fig. 13.6. The storage capacitance
is 1.5 µF, rated at 40 kV [4]. The high voltage (HV) switches are deuterium thyratrons,
models CX1585A and CX1591, made by EEV [5], rated at the minimum to 40 kV; and
5 kA maximum current. The baseline plan is to use HV power supplies PS/LKO4OPO75-22
(positive polarity) and PS/LKO4ONO75-22 (negative polarity) from Glassman. They are
capable of delivering up to 40 kV at 75 mA maximum [6]. Their voltage regulation is better
than 0.005% whereas the ripple is better than 0.025% RMS of rated voltage at full load.

The capacitance of the distribution cables (RG35B) is between 1 and 3 nF depending on
how many quadrupole plates are fed, deployed in the star configuration, by the same HV
pulser unit. There are four pulser units, two for applying standard high voltage (i.e. a single
voltage value per pulse), one for each polarity, and two for scraping high voltage (i.e. two
di↵erent voltage values per pulse), again one for each polarity. Following the E821 scraping
scheme [3], two of the quadrupoles will be used to scrape the injected beam horizontally,
by moving the beam sideways, while all the quadrupoles will be used to scrape the beam
vertically.
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Figure 13.1: A schematic view of the muon (g � 2) ring as well as the location of Q1, Q2,
Q3, and Q4, the four-fold symmetric electrostatic focusing system.
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396 THE ELECTROSTATIC QUADRUPOLES (ESQ) AND BEAM COLLIMATORS

Figure 13.2: A schematic view of a short quad of 13�, and the adjacent long quad of 26�.
The high voltage feeding leads break the quad symmetry at the upstream end of the plates
to quench the low energy electron trapping and guide them outside the magnetic field region,
where they can be released. Some of the bellows are equipped with collimators where the
muon beam is scraped immediately after injection.
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Figure 13.3: A schematic of the quadrupole cross-section. The rails in the corners are kept
at ground potential. Most of the side support insulators are replaced with uniform diameter
insulators of 0.5 cm.
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410 THE ELECTROSTATIC QUADRUPOLES (ESQ) AND BEAM COLLIMATORS

with the plate geometry (width, shape, etc.). The requirement of increasing the voltage by
a factor of about two we believe we can achieve in the positive muon polarity and we will
test it with the test setup at BNL, and with a magnetic field later on at Fermilab.

Figure 13.15: An OPERA model of the (normal: Q2, Q3, and Q4) electrostatic quadrupole
plates. The top/bottom plates are at a positive voltage and the side electrodes are at (the
same) negative voltage. The yellow curves represent the equipotential lines. The 90-mm-
diameter muon storage region is indicated by the blue dashed circle.

Since a very high voltage (up to 70 kV) is needed to maintain acceptable quality of
the quadrupole field, we are planning to operate the Q1 outer plate at a DC voltage. The
horizontal scraping will be accomplished by quadrupoles Q2 and Q3.

13.9 Coherent Betatron Oscillations Systematic Error

The average position and width of the stored beam can vary as a function of time as the
beam alternately focuses and defocuses in the ring. This is the result of a mismatched
injection from the beam-line into the (g � 2) ring via a narrow line, the so-called inflector
magnet. This imposes an additional time structure on the decay time spectrum because the
acceptance of the detectors and the (g � 2) oscillation phase depends on the position and
width of the stored muon ensemble.

The CBO frequency in E821 was close to the second harmonic of !a, so the di↵erence
frequency !CBO�!a was quite close to !a, causing interference with the data fitting procedure
and thereby causing a significant systematic error (see Chapter 4). This was recognized
in analyzing the E821 data set from 2000. In the 2001 running period the electrostatic
focusing field index, n, was adjusted to minimize this problem. This greatly reduced the
CBO systematic uncertainty. We will follow this strategy again but this time we will increase
the quad voltage by another 30% to decrease the CBO systematic error by more than a factor
of three, see Fig. 13.18.

In addition, the anticipated new kicker pulse shape will better center the beam on orbit.
On the detector side, we plan to increase the vertical size of the detectors compared to E821



+32kV

+32kV

-32kV-32kV

Nominal field configuration
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