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Figure 6: Some parameters vs. stage for the 40 T sequence.

Table 1: Rf Parameters of 40 T Example

El E2 freq grad accL

MeV MeV MHz MV/m m
NCEF 6 666 201 155 21
NCRF 34 8 66.9 201 155 21
MNCRF 360 67.1 201 155 2.0
NCRF 360 545 153 11.1 1.7
NCRF 306 413 110 74 1.5
MNCRF 249 324 77 47 16
MNCRF 207 257 53 29 1.7
NCRF 174 200 31 1.3 1.7
Induction | 13.6 15.0 18 1.0 1.4
Induction | 10.3 10.7 10 1.0 04
Induction | 7.5 7.2 6 1.0 0.7
Induction | 5.1 7.0 5 1.0 18
Induction | 5.1 7.4 4 1.0 23

In each stage, RF re-accelerates and
phase-rotates the muons providing
energy and energy-spread required for
the next stage

To keep energy spread low the bunch
length is increased from 5 cm in the 1t
stage to 400 cm in the last one

The RF frequency must follow this trend
to make sure that the bucket is large
enough and

* the RF curvature in accelerating mode is not
too large compared to energy spread

* RFslopislinear enough in the phase
rotation mode

The RF curvature is probably more critical
leading to criteria for RF frequency choice:
0. < A/20 for bunches shorter than 75 cm

The lowest frequency is 4 MHz assuming
induction linac

The lowest NCRF cavity frequency is 31 MHz
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TABLE II. Parameters of the high-field low-energy cooling channel.

Stage P Energy spread LH, thickness  Drift length  rf length rf frequency

[N] [MeVic] op [MeV] [cm] [m] [m] [MHz] Field flip
1 135.0 2.29 65 0.434 2.25 325 Yes
2 130.0 2.48 60 0.459 2.25 250 Yes
3 129.0 2.78 60 0.450 2.5 220 No
4 129.0 3.10 59 0.458 2.5 201 No
5 122.0 3.60 57 1.629 5.0 201 Yes
] 124.0 4.90 53 2.22 4.5 180 No
7 116.0 340 42 2.21 3.25 150 No
8 111.0 3.90 40 2.0 35 150 No
9 106.0 3.50 40 3.13 5.0 125 Yes
10 98.0 3.07 35 3.13 5.0 120 No
11 80.4 311 20 312 5.0 110 No
12 87.9 2.76 20 3.1 8.0 100 No
13 85.9 2.67 20 3.0 7.5 100 Yes
14 79.7 3.08 15 27 7.0 70 No
15 T1.1 4.0 15 2.6 6.0 50 No
16 71.0 3.80 13 25 6.0 20 No
17 70.0 3.80 10 - e 20 s

More recent paper, less details on RF though

Same criteria is used for RF frequency choice:
o < A/20

General trend: Higher energies -> shorter
bunches -> higher RF frequencies

The lowest RF frequency is 20 MHz, which
might still require induction linac

There is strong motivation to avoid induction
linac due to its rather low gradient: ~1MV/m



CERN PS RF cavities

e 1.6m diameter, 1m long
e Far from pillbox

e Gap is very small: 5cm, so even
for reasonable electric field in
the gap of 10MV/m@CW voltage
and real estate gradient are very
low: 0.5MV and 0.5MV/m,
respectively.

* It can potentially be increased in
pulsed operation mode...

* =>Strong motivation to increase
lowest RF frequency required for
final cooling

LHC TDR v3, p59
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Figure 8.3: Longitudinal section of the 40 MHz (left) and 80 MHz cawvities (right).




ldea: Multi-harmonic RF for acceleration

i - L 3 * RF frequency criteria: . < 1/20
>ingle harmonic RF_ foro,. <0.75m related ’Eo energy

| spread introduced by the RF
curvature

* For total buznncah length of22n ot
dV/V = cos /,l“ X~ COS (53 ~ 5%

¢t *So, for 6,+=0.75m

* single harmonic RF Amax= 200, =

; % I 15m -> fmin=20 MHz
Rectangular pulse RF < — — * Rectangular meander RF

with period of 40, = 3m —>
fmin=100 MHz

e But infinite number of higher
harmonics is necessar?/ to
S

200 approach the ideal pulse shape of
. rectangular meander
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An example: odd harmonic

* |In practice finite number of
harmonics can be used only

* To maintain energy spread of dV/V
<5% over o+ <0.75m, several
harr&womcs of 50 MHz have been
use

* 50 MHz provides dV/V <5% over
0.+ <0.3m only

* 50, 150, 250 MHz extend the range
up to ~0.6m

* 50, 150, 250, 350, 450 MHz make it
up to 0.75m satisfying the specs

* Using only odd harmonics keeps
voltage +,- symmetric

. 1 . 1 * Using higher harmonics is less and
0 0.5 1 1.5 2 25 3 less effective
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An example: all harmonic

151

e Using all harmonics makes
voltage +,- non-symmetric

e s it an issue for the beam?

* 50, 100, 150, 200 MHz case
meets the specs up to o, =1m

0 > ¢ Using all harmonics is more
effective than using just odd
T | harmonics
i * By using all harmonics,
AL Gemsommz \ minimum frequency can be
(1+2+3+4)50 MHz — increased from 50 MHz
15 . 1‘ - ; - . probably up to 100 MHz

ct [m]



Conclusions

* Multi-harmonic RF system for final cooling allow significant increase of the minimum RF
frequency required for minimization of the RF curvature induced energy spread

* For the example from PRAB2015, where 20 MHz is required for the last stage, using multi-
harmonic RF system with 5 odd harmonics from 50 MHz and above provides the same energy
spread as in single harmonic 20 MHz RF system

 If all harmonics can be used with +,- non-symmetric voltage, the minimum frequency can further
be increased possibly up to 100 MHz.

. Epis approach opens the way to potentially avoid using induction linacs and very low frequency
cavities

* It also can be applied to any stage in order to reduce the number of low frequency RF cavities

* Using several harmonic frequencies does not have any impact on the total number of RF
frequencies since they are used anyway at the earlier stages

* However, It will probably have an impact on the total number of cavities, but the higher N
harmonics have much lower amplitude and can be excited by significantly more compact cavities



