Vertical OrbitExcursion FFAGS
(VFFAGS)
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|. Principle & Magnetic Field
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Horizontal SC magnet problem

A Getting vertical B field requires sard@ection
current windings (nearby)
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A B, proportional to x/(&+X)
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Horizontal SC magnet variation

A Getting horizontal B field requires opposite
current windings and Is easier

. 2 2 & i/ & &l
NN N ~ ~ ~ NN N

A B, proportional to a/(&+%)
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Vertical SC magnet

A But now the field is in the
wrong direction!

A That's OK, rotate the magnet

A The dipole field is there @

A But what sort of focussing
does this magnet give?
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A Dipole field should increase moving up the
magnet, so set B Be¥ on axis (x=0)

A Subtracting dipole component leaves the field
of a skew quad: 0\

A Exponential is good because moving
upwards just scales the field and all
gradients

A Thus closed orbits at different
momenta are exactly the same
shape, just translated upwards

A VFFAG = Vertical orbit excursion FFAG
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FODO Scaling VFFAG Machine

A First VFFAG tracking simulation, for HB2010
I 2D, zero space charge, nonlinear magnets

A 150m m.m rad Table 1: Parameters of the FODO lattice.
e | N p Ut beam Energy range 800 MeV-12 GeV

geom Orbit excursion  43.5 cm (vertical)
A Protondriver-like 7, o
but nasty P JPEES oy
circumference _ 533 T (whole magnet)
factor! (C=17) Flengh  0dm
D length 0.45m

C i (IBl)/<By> Drift length 4m
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distance=1023.2m
time=0.00405439Ms
beam=166%




Scaling VFFAG Tracking

1000 cells
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VFFAG Acceleration
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2D Winding Model for Magnet

April 2013
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Application: Hadron Therapy?

A Low intensity but high rejpate
I Fixed field is a plus, space charge not too bad

A Small beams
I The VFFAG magnet can be a narrow vertical slot
I Less stored energy, smaller windings required

A Fixed tune allows slower acceleration, less RF

A Disadvantage: we still have the FFAG
extractionfrom-an-orbit-that-moves problem

April 2013 Stephen Brooks, PASI 2013 & BNL seminar 14



Il. Proton Driver Study
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Motivation: ISIS Energy Booster

A FFAG of some sort (but withdin drifts)
A Superconducting magnets

A Energy: 800MeY 12GeV

A Ring radius 52m (2x I1S!S)

A Mean dipole field in magnets 0.474.14T
A 30% RF packing factor, 20% magnets
AWarm 6.2¢ 7.3MHz RF

A Harmonic number 8




Why 12GeV? (= 2.5MW at 208uA.

A Existing 2RF is 2x11kV in 1.9707m module
I 11.16kV/m * 20ms * ¢c = 67/GeV

A Assume 30% ring RF packing factor
I 67GeV * 30% = 20GeV

A Assume <cob> = 0.7 f( ~ 45)
i 20GeV * 0.7 = 14GeV

A Finally, velocity goes from 0.84c to ~0.99c¢
I 14GeV * 0.9 = 12.6GeV
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Scaling (V)FFAG disease

A Defocussing is locked to reverse bending, as |
scaling FFAGS large circumference factor
A{ SI NOKSR FT2NJ Gf 2LIAAR
good dynamic aperture [HB2010]
I 10000 patrticles were tracked for 1km
i { dzNJZ)}@I- t NI @S L 200SR
G5¢ UeéeLlLS YI3IAySua
I This reveals both the lattice stability region and
resonance stogpands
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Lattices can't be very lopsided

A Unfortunately in all cases the region of
dynamic stability sticks very close to the F=D
diagonal line

A The 29 FDF stability region as used in PAMEL.
does not have enough dynamic aperture

A So basic scaling VFFAGs will always be big,
with much reverse bending

I Could edge focussing avoid reverse bends?
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VFFAG Wlth Edge Focussmg

1y ’ZO =L

t =tanqg
Z=2zZ1 ty

7 /
7 /
/ /
4 /
V4 -

one wants a mid-plane field B, = Bpe*¥ f({) but to obey
Maxwell’s equation (V x B), = 0, this has to be modi-

fied to (By, B.) = Boe™ (£(Q) = ££'(Q), ££'(C)).

Scaling law: y—y+Ay,  (p,B) — (p,B)e"=?
2 2+ TAy
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Spiral Scaling VFFAG Magnet Fie
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TABLE I. Transverse Parameters for VFFAG Rings

E¥ inj 800 MeV

Bk ext 3GeV 5 GeV 12 GeV

Mean radius 52m (2xISIS)

Superperiods 80 (superperiod is one cell)

‘ell length 4.0841m
Drift length 3.3174m 3.1257m
Magnet Parameters

Magnet length 0.7667m 0.9584 m

Bo 0.57T 0.47T

k 2.0lm™! 2.2m™ 1

T = tan fedge 2.23 2.535

Ocage 65.84° 68.47°

Fringe length f=03min B x % + %t.anh(z/f)

Bext 1.3069 T 2.0036T 3.5274'T

Bfl‘inge/Bbody 26941L:4 cm 261741’:2 cm

Binax 3.5210T 5.3979T 9.2326'T

Beam Optics

Yext — Yinj 0.4780 m 0.6906 m 0.9895 m

[, (per cell) 71.30° 71.29°

o 28.65° 19.56°

Q. (ring) 15.843 15.843
6.367 4.347
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Field Enhancement Factor

A For 3,5GeV designs with k=2.01m

- Key: X (cm)
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Cell Beta Functions

A Doublet focussing nature-
i Visible in u,v planes )
A FfD

RMS beta (m)

I Doublet controlled by
I Singlet controlled by k

A Ring tune sensitivity:

RMS beta (m)
[

. { —8.49 ] 0Qu.v [ 39.92 ]
= and

ok | —94.46 or | 119.82
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TABLE II. Longitudinal parameters for the 12 GeV VFFAG.
Peak voltage per turn and phase are linearly interpolated from

the times given. %
RF harmonic (M) h =38

RFE frequency 6.179-7.321 MHz

Cycle duration 18.41 ms

Rep. rate 50 Hz

Time (ms) Voltage (kV) Phase
0 150 10°
1 250 208
P 350 25
2.5 525 30°
3 800 358
4 1000 40°
10 1000 %51
18.41 (extract) 1000 59.218
20 1000 60°
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12GeV VFFAG RF Programme
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Compare with ISIStharmonic RF
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Longitudinal Intensity Effects
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ISIS (3 harmonic) Intensity Effects
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TABLE III. Intensity-dependent parameters for the ISIS sin-
gle harmonic and 12 GeV VFFAG simulations run in series,
for different numbers of protons injected into ISIS.

ISIS Protons In 2.50e13 2.75el13 3.00el13
ISIS pA in 200.3 220.3 240.3
ISIS transmission 90.54% 87.95% 85.98%
ISIS protons out 2.26el3 2.42e13 2.58el3
ISIS pA out 181.3 193.7 206.6
[SIS power (kW) 145 155 165
VFFAG transmission 100%
VFFAG power (MW) 2.18 2.32 2.48
ISIS Peak Intensities
Bunching factor 0.154 0.150 0.151
Space charge ratio -0.301 -0.305 -0.311
AQz .y -0.499 -0.544 -0.580
VFFAG Peak Intensities
Bunching factor 0.0188 0.0190 0.0190
Space charge ratio -0.211 -0.257 -0.278
AQ., -0.219 -0.240 -0.254

AQ, -0.395 -0.434 -0.458




VFFAG Bunch Duration Evolution
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Nearly isochronousasv A ¢
_Ww Application: Neutrino Factory!
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VFFAG Bunch Energy Spread
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Proton Driver VFFAG Next Steps

A RF programme promising
i . dzi Ol GAUASE sHlageddriftsF A
Al RIFLJ0O 2aKA az2NAQa AF
FFAGs [Mori, FFAG11] to scaling VFFAGs

$
I Arc section using magnets with edge focussing
| Straight section using FODO lattice, long drifts

A Then 2+1/2.5D simulation with space charge
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I1l. Isochronous Machines
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Tilted Orbit Excursion

* Any angle 0 is allowed, not just
vertical!

— Quadrupole field will rotate by 6/2

e Curved orbit excursion allows
orbit radius « velocity

7 B XA

1 ig

Fig. 1. Schematic section of accelerator with ver-
tically increasing field: 1) ring magnet; 2) excitor

windings for directing and focusing fields; 3) vac- e - -
e g Telchmann (1962) also had ides
tivistic region, c
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Analysis without Weak Focussing

* Mean radius r=[3R where R =c/2nf

+ Mean B, = p/qr = mByc/qBR = y(mc/qR) = yB,

» For optics to scale, B’l/p = const. (B'=dB,/ds)
— B’l/p = B'r®/mByc = B’ BRO/mPByc = (B’/y)(R®/mc)
— B’ « y o< B, therefore B, =Bye¥> and s=Sliny
— ...for some scaling length S=1/k

* To fix strong focussing tune, B, must be
exponential along the curved orbit excursion!
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Lower Velocity Bound

* Haven’t yet used fact 3, r are related to v, s, B,

o r:BR:R\/l—y_ZzR\/l_e—ZS/S
* sisarclengthsodr/ds<1

— Differentiate: dr/ds =

Re—ZS/S _Ry‘z_ 3
iewn - s - (RSIBY

* Therefore By22R/S for scaling isoch. VFFAGSs
— Equality at horizontal excursion (minimum energy)
—dr/ds = 0 as v =2 ¢ so asymptotically vertical

— Compact machines require large R/S, high energy
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Lower Energy Bounds for Protons
Minimum Proton Energy| b _| MaximumRIS = §

100 MeV 0.428 0.52
200 MeV 0.566 0.83
500 MeV 0.758 1.78
1GeV 0.875 3.73
2GeV 0.948 9.29

A Formuonsor especially electrons, things are
much easier!

A/ | yoihiacyclotron smoothly onto acaling
Isochronous VFFA@Ath a different tune
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Orbit Excursion Shape (R/S=2)
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Staged Example

r/S
0 1 2 3 4 5 6
0
| / /
S~
>
-1
R/S=2 R/S =5.7
1.49 GeV 6 GeV
580 MeV 1.49 GeV

ALT AYy2SOU2NJ A& t{LQa
this two-VFFAG booster yields 13.2MW CW
protons at 6GeV
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Prospects for Isochronous VFFAG

AL R2Yy Qi aSS G4KSasS oSl
i XF2NI LINRPO2Y ad
| Electrons: alternative to RCS?
I Muons: alternative to nosscaling FFAGS?
A Protons at many GeV are potentially
Interesting for exotic particle factories

I E.g. pbars, in terms of raw yield, though | believe
most capture schemes assume a FOW beam
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V. Thred_ens Horizontal FFA
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Two Magnet Families Only
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