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Recent History
B Transition crossing has been one of the major bottlenecks limiting
Booster intensity
B My involvement to this problem started ~2005 (reported at HB-2006)
¢ Change of beam space charge force from repulsion to attraction
at transition results in longitudinal quadrupole oscillations =Loss
¢ RF voltage jump technique was proposed to suppress it
e Linear model, V. Lebedev, 2005
e Simulations, Xi Yang, 2007
¢ Empirical tuning of the transition crossing, B. Pellico
e Formally looks different - in essence it is quite close to the
voltage jump technique
e Has been greatly improved in recent years
¢ Both theory and experiment were quite shallow compared to the
recent developments considered to be essential for to PIP-IT
B PIP-II requires 1.5 times larger intensity within the same emittances
¢ Persistent efforts to understand present transition crossing
e (Great improvements both in experiment and simulations
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Two pulses. Length and time of the second pulse depends on intensity; for 5el2
» First pulse - duration of ~300 ps just before transition
» Second pulse - duration of ~80 us, 530 us after transition

Slide from "Coherent Instabilities in Fermilab Booster” presented at FINAL seminar, June 2006
B Tmpedance of Booster laminated magnets was completely missed in early

considerations - Now we see its significance to the problem.
Acceleration and Transition Crossing in Booster, Valeri Lebedev, Fermilab, April 26 & May 17, 2016 4



Acceleration of Low Intensity Beam
B At low intensity

iaa | =

¢ Linearized motion equations can be c@mciad el
. mc -
integrated Tad=|— — ?trj
("Acc. Physics" by S. Y. Lee) “p 'El;:j"ﬂ' |cos{ el
( d Ap COOEVO COS((DaCC) i|:1 !ikp[h} j| + p(x)=10 where: x= +
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¢ No beam loss and emittance growth 2 . .
at transition
¢ For FNAL Booster t44%200 pns 1+
B Bunch length is getting quite short orl%)
and weakly depends on machine onfz)
parameters
213 5 -1 n
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where ¢ -nopos is the total aria in the longit. o 10
phase space (L. emit. expressed in eV s) .

Acceleration and Transition Crossing in Booster, Valeri Lebedev, Fermilab, April 26 & May 17, 2016 5



Ems bunch length & mometum spread (simulations & adiabatic theory)
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Longitudinal Impedance of the Booster

B Two major contributors to the Booster longitudinal impedance
¢ Space charge

: 0] I
7 ) ~—iZ |n chamber ’
he () ° pria, (1.06(3]

Toamer > 9 72,2377 2.
GJ_
e Decreases fast with beam energy but is still important near
transition due to very small bunch length
e Grows linearly with frequency
Repulsion below transition
Attraction above transition
= Quadrupole oscillations
® Ichamber/cL= 4 is used in the simulations

¢ Wall resistivity
e Strong beam deceleration at transition where the bunch has
the shortest length (o~ 0.5 ns, Ipeax~ 7 A)
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Impedance of Booster Laminated Magnets
B [ongitudinal impedance of round pipe per unit length

Z,c 1+i ZoCl+i | uw C +Y
Ar 2maoso ~ 4z ac \ 270 ) W

B Laminations greatly amplify impedance

¢ (1) <Ju, (2) longer current path

¢ Impedance of flat chamber

per unit length [1]

H 2rc s 1+ F (&)tanh & & cosh” &

Z(w) =

58

0

__h ¢ MO b_
FL(§)_d+hky(§)(l+(1 i) » Jtan[ky(g)(a 1)]
where: e 5
ky(f):\/gw a (1+(1—i)%j—§2 |

B The impedance model is expected work well in a frequency range of
0.1 MHz -1 GHz.

B It takes into account all important details but actual dipoles do not
have well-known parameters: A? (Packing factor), 2, 1?

[1] “ Accelerator Physics at the Tevatron Collider”, editors V. Lebedev and V. Shiltsev
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Permeability of Soft Steel

B At high frequencies the skin depth is smaller or comparable to the
maghetic domain size
B Measurements @FNAL in summer of 2011

Proceedings of IPAC2012, New Orleans, Louisiana, USA WEPFDOTY

MEASUREMENTS OF MAGNETIC PERMEABILITY OF SOFT STEEL AT
HIGH FREQUENCIES

Yu. T{_'rkpiil'll.'!‘k'#.. V. Lebedev, W. Pellico, Fermilab, Batavia, IL 60510, USA
B Wave propagation in transmission line made from soft steel and
located in external magnetic field

Micro-strip line : Micro-strip line
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Figure |: Schematics of the expenment with steel in DC
magnet. The normal onentation 1s represented on the lett,
and the parallel one on the nght.
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Permeability of Soft Steel: Results [Tokpanov, IPAC2012]

B . used in the simulations .
_:- 0T el i
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o 27 =70 MHz, ®, [ 27r =1.5GHz, w, | 27w = 6 GHz,
B Both real and imaginary parts are
taken into account
¢ Steel conductivity at high

frequencies is assumed to be e | Frsmoarey 2

The same as for- DC Figure 3: Dependence of magnetic permeability of steel
on frequency for different magnetic fields for the case of

magnetic field normal to the strip plane.

H(w) =

maginary partaf magnatic
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Parameters for the Impedance Calculation

B Initially Awas taken from the Dipole type F D
. o Dipole length 2.89 m
i Ry
pad.( "3 factor 58 5 ° (Boc?sfer Number of dipoles 48 48 cm
layer thickness: A=10+2*10 pum Lamina half-height, b 15.2 cm
B & epoxy & insulating oxide layer  Laminathickness, d 0.64 mm
Dielectric crack width, h 45 um
on steel (e~2 - 3) - ¥ ——
h and dated b g Conductivity, o 2.07-10%* (2.3.106 Q' m?) | st
- and e are updare ased on Dielectric permittivity, 2.5

beam measurements
B F dipole has smaller gap and larger impedance

Re(Z,) - F dipole
= m_ ]
N Re(Z,) - D dipole
= 200 Im(Z,,) - F dipole -
@ Im{Z,,} - D dipole
.

0 200 400 600 800  1x10°
f [MHz]

Dependence of longitudinal impedance of Booster djpole
on the frequency computed for F and D dipoles.
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Stretched Wire Measurements of Longitudinal
Impedance of Booster Laminated Dipoles

F magnet impedance D magnet impedance
dotted trace 3500Q||.5uH dotted trace 42501||. 3uH
600 :
et !
Q Q
& 400 5
£ £
@ P
£ 200 e
L L
o o
0 4
0 200 400 600 BOO
Frequency [MHz] Frequency [MHz]

Taken from J. Crisp and B. Fellenz, "Fermilab- TM-2145, March 22, 2001,
B Decent coincidence with the impedance estimate
¢ However F magnet impedance ~30% lower than for D-magnet
instead of being 10% higher
= We should expect that each dipole has its unique impedancel!
— Measurements of total impedance are required

B Expected decelerating voltage = (7.5 A)*(300 Q)*(48 dipoles)~100 kV
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Total Longitudinal Impedance of the Booster

E 4[:' | | | |
(k0]

0 200 400 500 00 1x10°
f [MHz]

Total longitudinal impedance of the Booster at transition. The impedance value was tuned to the
beam-based measurements

B Imaginary part of the space charge impedance is partially
compensated by the resistive wall impedance of dipoles
¢ At transition the bunch spectrum is extended to 300 - 500 MHz
B Note that wire measurements have noticeably larger imaginary part
of the impedance

¢ Itisnotaccounted in the below simulations
Acceleration and Transition Crossing in Booster, Valeri Lebedev, Fermilab, April 26 & May 17, 2016 13



Beam Based Measurements of the Long. Im

pedance

B Direct measurements of Z(w) requires a continues beam

¢ Continues beam does not look readily available even at injection

energy
¢ It is impossible near or at transition
e u(B) can make significant correction

B Shift of acceleration phase with bunch intensity allows us to check if
the considered above model and wire measurements are applicable

¢ Minor adjustments are used for the 1

final tune of the impedance model

e They do not change significantly 051

the shape of the impedance

curve i

B (uccel iS obtained from comparison of
¢ RF phase (coming from RFSUM) &

¢ Bunch arrival time (coming from RW

- 0.5

monitor)
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Booster Transition Crossing Studies

Present transition-X is quiet sophisticated and well-tuned. It
effectively suppresses quad-oscillations introduced by the crossing.
Optimization of transition-X at PIP-II intensity requires good
modeling of Booster acceleration and its long. impedance
4 sets of measurements
¢ Jan, July & Nov /2015
¢ Jan/2016)
Usefulness of data was improved with time
The last set of measurement is mostly useful and it will be only
discussed
¢ Data analysis of July'1l5 data are in PIP-II.doc.db
¢ Out of 2 Booster RW monitors the RW monitor with better time
resolution was used
Data are taken at injection and transition
¢ Bunch intensities: 4, 8, 12 & 15 turns (2 data sets @ each measurement)
¢ 4.8 ms are acquired for each data set

¢ Only first 3.6 ms out of 4.8 were used in the analysis due to limitation
of data analysis software
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Data Acquisition and Preliminary Data Analysis
B RF sum + RWM + Rpos (0.8 ns sampling time, 4.5-10%points)

FF surlﬂ

1 | 1 -
0 30 10u 150 200 0 3 10 15 20

t [ns] t [ns]
B Needed to have sufficiently long measurements (>3.5 ms) => only few
points on bunch length for transition-crossing data

B Data analysis
¢ Fitting RF signal for each period of sinusoid yields
= (1) RF voltage & (2) zero crossing time
0 RF frequency is computed from zero crossing time
¢ Fitting WCM signal to a Gaussian pulses yields for each period
= (1) Bunch arrival time, (2) Peak height & (3) Peak width
o DC offset is not used
0 Bunch frequency can be computed from Bunch arrival time
¢ Time difference between RF zero crossing and corresponding bunch
arrival time yields the relative accelerating phase

e correction for cable length difference has to be additionally accounted
Acceleration and Transition Crossing in Booster, Valeri Lebedev, Fermilab, April 26 & May 17, 2016
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RF phase [deg]

Measurements and

Corrections for @ _\\,\ \‘“\\\
B Good reproducibility for 2 sets - ~
at each intensity - P 2P
¢ "Transition RF swing" shifts v
RF phase [deg]
up to 18 turns %
¢ Both voltage and phase - H_m 'f%‘"\x_
reproduce well e N
B There is large phase shifts ) X
with energy due to difference o a0

in cable lengths

8¢ = (w(t) - o(t))) AT

RF phase [deg]

140 I
1000 E 'r“\
o8, \ A
" :IE' :
T o \,\V
— 50 - -
0 1x10° 210
n.n+18
RF phase [deg]
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wﬁi\
:1:-151-_ 30 i Fal !‘r\m«\“\-
:1:-153.,-_ \ \_\\,\'\A
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. e’
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n

Accelerating phase at transition

Accelerating phase before and after correction

~
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¢ Injection data more g
sensitive to this effect due o
to larger chance in RF - b0
frequency, o

At=1549 us .

Acceleration and Transition Crossing in Booster, Valeri Lebedev, Fermilab, April 26 & May

—mesurements

Unn:n:nrren:ted\

N

o 300

1%10°

1.5x10°

20

P
[deg]

Corrected
mesu

Irements

10

Accelerating phase
computed from RF

voltage

- 10

0

300

Accelerating phase at injection

110°  1.5%10°

17




Accelerating Phase Shift with Beam Intensity

B The accelerating phase is shifted with
intensity close to expectations 150

Accelerating phase [deg]

B A decrease of RF voltage with intensity no P ey
increases the resulting shift by ~25% injection of
B Smaller shift after transition is related to O tums
larger value of RF voltage after transition '
Corrected shift of accelerating

phase [deg] S0
ﬂl-'-p T T T T
[deg] 10F 7 -
0 500 1x10°
Before transition RE VGl’[ElgE [I'»’IEV]
1 I II 1 ]
0 — y ! fl
After transition I l”jE':ti':'_” of .1
4,8, 12 & )
15 turns e
- {
-10c l I l ! 7
0 1 2 3 4 5 b
N, [10'2]
Points presented on the plot are computed by averaging 0.8 . .
between n; and nz for data before transition and nz and n4 L L
after transition. An addition due to voltage drop with 0 500 15107

intensity is subtracted, turn number
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Beam Loading

B Accelerating phase shift RF Voltage [MeV]
required by fransition L1 ' '
crossing changes the beam Injection of
loading phase and results in a L 4.8 12&

15 turns

spike in the RF voltage
B Cavity feedbacks mostly
suppress the beam induced
voltage
¢ However short spike of
~150 KV is generated near | |
transition 400 500 600 700
e Total shunt impedance turn number
of all cavities at
transition: Rsh=20*145 kQ
e Corresponding beam induced voltage (0.5 A) * Rsh = 1.5 MV
= Suppression is about 10 times

19
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Accelerating Phase Swing Near Transition

Accelerating phase [deg] RPOS [cm] Accelerating phase [deg]
. T 0 T T Al

130

&0

—04 Injection of |
: : L 4,8, 12 &
0 i k Injection of 0 S

- B 15 turns | Injection of
4,8, 12 & -06
15 turmns 4,8, 12 &

. . 15 turns

—20 ' —— -08 — — %0
1] S0 1107 0 1:10° p (i 330 600 630 100

B Accelerating phase experiences very large variations near transition
(phase swing)

For about 10 turns the phase is turned to deceleration

This phase swings results in considerable droop in beam energy
clearly see at RPOS
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Bunch Length and Peak Detector

Feak detector signal divided by (Bunch length) * (peak detector) /

number of inlection turms finiection turn number)

RMS bunch length [ns]

0.1
I}.]._ ] DDj— —
E' ] ] E. | | I} | ]
0 1107 2107 0 1103 2e10P 0 1x10° 2107

1

B Bunch length and peak detector are uncorrelated
¢ Phase and amplitude of the bunch length oscillations are used to
tune simulations to measurements
B Variations of their product are ~5 times smaller but not constant
¢ Possible sources are the dispersion in cable and finite time
resolution of Resistive Wall Monitor
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Bunch and RF Frequencies Bunch frequency, MHz

523 T |
B Dependencies of bunch and RF ol el
frequencies on time verify timing of | .
the transition crossing 2T | I
measurements I T
B Variations of RPOS do not produce k" -
detectable changes in bunch . . .
fr'equency 0 1x10° 10
B Tt yields limitations on the slip aey (R pnsn)
factor value (n<2:10-3) and T 3
distance from the transition o I L
(An<250) T a0 frequency variation f  [em]
¢ Here we use: Af/f=5-10°, |
Ap/p=2.5-1073 - 20107 '*
B Transition crossing simulations R ~o0
are sensitive to transition — 6107 ~06

0 1> 10° 2:10°

crossing location of ~10 turns
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Part 2:
Data Analysis and
Simulations

Accelerator Physics and

Technology Seminar
May 17, 2016
Fermilab
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Short Review of Part | o

B Resistivity of steel laminations in dipoles ™
makes the major contribution to Z (o)
B Llarge resistive impedance makes beam
deceleration with average rate of ~140
kV/turn for 15 turn injection (4.8-10'¢ p) —

B Measurements FMHz]

¢ Data from RF sum, Resistive Wall monitor
and RPOS were acquired at injection and
near transition at different intensities
e Digital scope (0.8 ns sampling time, 3.5

ms trace duration)

¢ Data analysis yielded dependencies on 0
time for: bunch length, bunch peak
current, RF voltage, actual accelerating

Corrected shift of accelerating
phase [deq]
I

'/./—

Befare transition

Ay '

—
=0
[1E}

w3l

[
o]
|

After transition

phase, relative momentum deviations R
¢ Data analysis presented below resulted in o1 2 3 43
calibrations for RPOS, RF sum and N [1072]

accelerating phase
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Phenomenological Model for Data Analysis
B Reference beam energy at each turn is determined by magnetic field

. . B +B. B _—-B_
in dipoles: B(t) == s Zox i cos(a,,1)

B Beam energy gr'OWTh is driven by kpr= 1806 s = -51502deg  ty=1577x107° 5V, =81x10°

E,.,=E, +9(V05i”<¢accn ) ~Viean, ) Viean, = AVT:\I'O ? 1 4tum 1 8 tum
" 0 0

B The difference yields the Iquﬂ...:-.--——' y
momentum deviation which is B yj \ )
independently measured by RPOS R ]

B A presence of fast RF phase o w0 ¢ 0 wg 6
swings hear transition greatly fe I &
helps us to calibrate (1) RF ”' - ”"”v
voltage sum, (2) of fset of - -
accelerating phase, (3) RPOS and B -2
(4) find average beam decelera- ST e s o aw
tion due to impedance tum number tam number

¢ Differnce is extremly sensitive to Parameters are fitted for the first

' i 00 4 d
minor change in parameter values 900 turns of 4 turn data
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Phenomenoloqgical Model for Data Analysis (2)

B Fitting the entire set of data wge-1m  wyg=-5075 deg  rg=159x107¢ s vy=53x10°
does not make significant L £ tum 1 8 tum

changes for calibration of RF T flidas o — 57
voltage and phase i \ﬁf" ‘: _1~\j
¢ RF voltage calibration is |
well within 1% and RF |
phC(SZ within 1 deg ﬂﬁ 1x10° 2x10° ﬂD 1x10° 2:410°
¢ Itissufficient for
transition crossing
simulations

B Due to error accumulation
such analysis is extremely

15 turn

sensitive to errors _3[:- 1x10° 2107 _3[!' 1:10° 2107
B Actual reason for Parameters are fitted for the entire
sets of 4 and 15 turn data

discrepancy is unknown:
asymmetry of potential well, dispersion in cable can make minor
changes in accelerating phase correlated with bunch length, ...
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Signal Calibrations Resulting from Data Analysis

B Data analysis yields following calibrations near transition:
¢ Total RF voltage: Vpeak=(1.8+0.01)-10" Virrsum
¢ Calibration of RPOS for Ap/p: Ap/p =0.067*RPOSv,
e ~125 times smaller than expected (D=180 cm, dx/dV =15 cm/V)
corresponding to De=225 cm
¢ Peak decelerating voltage average over the beam distribution is ~140
kV for 15 turn injection
B Voltage calibration at injection

cannot be accurately derived

Decelerating voltage induced
bv imnedance kW

1|||I|r 3 | |
from the data [KV] ‘_{f""'* L AN ey
¢ Itisdetermined by quality of m[f. ey I

RF sum circuit and is unknown 15 turn inj.

¢ The same voltage calibration as o
at transition is assumed o 4tum i)
B RPOS calibration at injection is T YWY
different due to optics changes 0 — —
but it is insignificant for 0 10" 2107

. . : t o
numerical simulations urn number
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Measurements of Adiabatic Bunching
B Bunching takes about 50 turns — . :

yields the longitudinal emittance [:ﬁ] T Ve 18 turm inj | e
B Dependence of bunch frequency on : -
time yields time of magnetic field ost | | 4
minimum and injection energy for the || [}/ S curent |
reference particle (as well as the I fem
energy of injected beam) T - numi[;[; 300
¢ Typically Bmin is

achieved at turn ~40 tum=1635 oo o = 32205
04
0.2
0= # ™

[

B After bunching the
bunch profile is close to  ,
a Gaussian with slightly |ttt

. . 15 tum inj. [ . 3 cnnsequtwe bunches
truncated tails 0T e o 6.5 13 _ﬁ:h —63 6.5 13
¢ Fall time is increased time [ns] time [ns]

due to dispersion in the cable and finite resolution tfime for RWM, and
asymmetry of RF bucket due to acceleration (opposite effect after X)
¢ Lumpiness resulting from injection are well observed to about furn 600

Acceleration and Transition Crossing in Booster, Valeri Lebedev, Fermilab, April 26 & May 17, 2016 2 8



RF Voltage for Numerical Simulations

B RF wave form is built from measured RF voltage at inj. & around X

B RF wave form was interpolated for the rest of the cycle
¢ Minor inaccuracies of interpolation are irrelevant to simulations
¢ There is about 10% discrepancy between RF sum measured directly
with scope and delivered by Control system
e Origin has to be traced down
B Time of transition wave form was adjusted relative the transition

crossing tfime based on simulation results

7

G[!' 100 200

BT
Pace

0.3 0.0 !
de Pace
[deg] ool 2

Total BF voltage, IV

0.4 0.3

0.3 0.1 — - - 0
03107 05107 07=10° : N
02 1 Aplp
_gp——1 1y
93x10°  9.6x10°

0 5x10° 110" 1.5x10* 210
turn number
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RFE Frequency in Numerical Simulations

33

Computed for

43

40
Measured fo.

0 5%10° 12100 1.5x10?
turn number

B Measured RF frequency well coincides with the model for injection
and extraction energies of 0.400 and 8 GeV

Acceleration and Transition Crossing in Booster, Valeri Lebedev, Fermilab, April 26 & May 17, 2016
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Simulation Program

B Combination of C-program (computations) and MathCad (GUI)
B Accounts for impedances of dipoles and space charge
¢ Implies 84 equal intensity bunches
¢ Impedances of dipoles is calibrated by the measured RF phase with
Intensity
¢ Measurements do not exhibit significant difference in behavior for
bunches in vicinity of the abort gap
e Both impedances (space charge & Res. Wall) are short range
¢ Two dampers
e Dipole - operates similar to RPOS feedback
e Quadrupole - feedback on oscillations of bunch length
¢ Beam can be unstable above transition if dampers are not engaged
e At large intensity can result in large beam loss (>50%)
B New GUT driven software is at the initial stage (F. Ostiguy)
¢ Takes into account accumulated experience
B Simulations for the largest measured intensity (15 turn) are only

presented below
B Projections to PIP-IT intensity are also discussed

Acceleration and Transition Crossing in Booster, Valeri Lebedev, Fermilab, April 26 & May 17, 2016
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Accelerating Phase in Numerical Simulations

B Beam automatically adjusts correct accelerating phase due to motion
adiabaticity

B However it does not work near transition

¢ Measured RF phase was used
e Additionally a numerical dipole feedback kept the beam

momentum offset at the measured values (RPOS)

4 T7el12 p/beam
L

L3
=

180 180
%/ RF phasefor | Px
phase for
RF phase for 4.7012 pibeam FIWM«

Mecelerating phase [deg]

’ RF phase for

RF phase for zero intensity

zero intensity

— 90 - 90
0 0.01 0.02 0.03 0.0165 0.017 0.0173
time [s] time [s]

32

Acceleration and Transition Crossing in Booster, Valeri Lebedev, Fermilab, April 26 & May 17, 2016



Adiabatic Bunching and Initial Longitudinal Emittance

B Initial long. distribution is Gaussian in Initial momentum distribution

. . omemum o
momentum with tails truncated at 2.4c g IEJ:E'E n simulations
A

¢ TIts width was adjusted to match bunch f(p)
length measured at injection L 10

#SHE+ Y1.62

¢ Beam loss in
simulations of 1% is
also comparable to

. -1 .
what is expected 0 .
p [10-]
from measurements
]E EF E I:I I A _ .-"I
1.2 1.02 Bapc  veit | Rms bunch length [dez]
10 =
— 09 1. =
= s
® 06 41 F '
= i Measurements
o = Simulations
03 088 3 Adiabatic
o theory
0 05 1 15 28
t [ms] . -
0 500 1x10°  1.5x10°

turn number
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Simulation Results

Ems momentum spread (simulations & adiabatic theory) and bunch mtensity

1077
“p | }, I
Relative intensity 2 —0.98 Iy
.= 4004 = 1077
—0.94

o, - adiabatic

theory, linear RF .

o, - simulatins

Dt [ R

- 0.9
0 3%10° 110 1 5x10%
turn number

B Same is in The measurements there is ho beam loss due to transition

Accelerating phase and average ralative momentum deviation

o 180 — . Aplp 180 .
=02 Accelerating By =1 o2 !
d ) - - [10-3] .
[deg] phase in o ) '
simulations s .
. , 135
135
Momentum
offset in
ol . 5|mullat||:|ns . %0
Measured s
accelerating
hase
o5 P - ] 43
. o Measured
i momentum -2
offset
0 ' ' 5 3 ;
- ~ 3 | 3 k] 3
0 5210° 1:<1I}4 1.5:<1I}4 0 210 O 410 O e 10 0 8= 10
turn number turn numkber

B Momentum offset & pqcc are close in measurements and simulations
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Simulation Results (2)

Acceleration and Transition Crossing in Booster, Valeri Lebedev, Fermilab, April 26 & May 17, 2016

20 E— : i
. A 0.923
Measurements Ang, = 560
: : ! I

Accelerating phase shift for 15 turn injection

i . A 20
The accelerating phase shift due = ; E*
to impedance is the same as WM" T a
measured i l
The same as in measurements -5 i
strong suppression of quadrupole T H'
— 15 1
oscillations is observed ~20
. . . 3 4 4
¢ Some discrepancies are still #10 10 L0
’rher'e turn number
¢ Non-zero second order slip factor is required to match phase of oscil.
. Ems bunch length [deg] 20 : i
¢ 60 | 13 B o \
Adiabatic b mw r h {m]
theory S| LN 13 “W Un"-‘ 0.975
X S \LNJJ A
010 1x10° 10 0.95
Simulations \ | :

110 1.5x10*

turn number

0 x10°

0x10° 1x10*
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Simulation Results (3)

i W

97 turns before transition

|
1I"'Irl::-lsslm V.. r\r\\\“ dn
kV]  gl=—— = ds

0

|11 \J’"ﬁ

- 1”[*'3113 = 400 % 10

— 200 | 1
dnfu:ls/

180 -%0 0 00 ISDI}

[

— 300

RF phase [deq]
B Shortly after transition

¢ Peak decelerating voltage achieves s 12

250 kV/turn

¢ Bunch spectrum extends to ~1

GHz

um-l} J.J.u. W

206 turns after transition

/]

q

[

1

0.3

0.6

0.4

— 00
RF phase [deq]

00

Beam spectrum

ISDI}

\

\ Before trans

nsition
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Simulation Results (4)

Initial
E ].DDII'.I.] = 0.063 eV s

(L .15
[eV 5]

Final
[ 0= 0295 eV s

€ yms = 0026 eV s

6-€ g = 0.137 eV s

0.05F : .

— 21077
: £100 )
g =6mwoy oy = 4342
- -3 £ 100Iny
0 I i | — 410
0 5x10° 1x10%1.5x10* 0 1571 3142 4712 6283
turn number \p

B Simulations exhibited moderate

6 10°

emittance growth similar to what we o ’3"5.?»"’_
i Longitudinal ; o.08
observe in the measurements sergih), distribution -
¢ However simulated RMS bunch length . |0-%6
is larger il . iEfE;Z?tr?ng Ho.s4
e Different accounting for tails? numb. in g, Jpan
B Tails are smaller than for the . e, o
Gaussian distribution with the same ’ o -
RMS emittance LIVl
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Simulations for PIP-Il Intensity: RF Waveform
1""'rHF 12 12 T
[Mev] 11 l-lr H\\ ﬂh
1 1 '
g // g \'\j \
0.8 0.8 '
0.7 f 0.7
0.6 0.6
03 03
1}.4‘;! 0.4
03 ﬂ[ 03
02 02
ﬂ.l{ 01
° 00 200 300 Gu 5x10° <10 13x10?
turn number
B RF curve is similar to what we have for 150

present Booster
¢ Still 15 Hz ramp rate, 1.15 MV maximum
¢ No RPOS manipulations,
¢ Transition phase jump is delayed by 30 turns
e Effective remedy to suppress quadrupole
oscillations
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RF phase for
ogl-6.5e12 p/beam

=

‘ L

RF phase for
zero intensity
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time [s]
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Results of Simulations for PIP-Il Intensity

Ems momentum spread (simulations & adiabatic theory) and bunch intensity

31072

BPﬂ:-'i
a 1 521077 e
2
i 12
Ny; = 6.794 x 10
0 - 0.98
0 55107 1:10% 1.5x10%
nt
Ems bunch length [deg] 20, - 1
ﬁll} . :E‘ - ﬂ:l‘f 1 n]l
o | st f o MM
v | Nl | fi
de - : : 10 T4 15 : A b 4——0.973
[deg] L\Smulatmns L | 5 ‘\:fr a\l/\j \/U U vyl
40 Np=3x10 T oL 5
: - e devdn = 0 )
! ox10°  1x10* 10 | —0.93
: - An_ = 150
20 | 5 % 5 Ang =30 023
Adiabatic ! 12
theory Ny,; = 68 10
| , 0 0.9
0 ] 0x10° 110* 11x10%
0 3%10° 110* 1.5x10% '
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turn number

B No beam loss at transition and moderate quadrupole oscillations
B Suppression of quad-oscillations by changing time of RF phase jump
does not reduce final emittance but introduce minor beam loss

turn numkber
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Results of Simulations for PIP-Il Intensity (2)

97 turns before transition

| 3
1I"'Irl::-Eslm V.o E
I::I T ﬁl Irl'II
8 _ -
N =ﬁ?9xml“\] 15
~100f P |
—200 — P
dn/ds

—30%0 —o0 0 00 180
RF phase [deq]

W

206 turns after transition
100 - 4

dn
beam H‘m-u\,. 1""Ilnaza"rl .,,.-.“I"H ){V .
0 i ds
[kV] | 43
— 100 |
- 200 12 2
N_=670%x10"
300~ F
L 11
— 400 dnids "
a I
— 500
Wi —e0 o0 w0 180
RF phase [deq]

B Peak deceleration voltage grew from ~280 to ~400 kV
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Results of Simulations for PIP-Il Intensity (3)

3] Ap #1077 o ey Initial
[E.II"'Ir 5] _ P z 1D|:|'It1j = 0.0485 eV s
e 2x107° Final
0.1 ) €yms = 0-028 eV 5
) 6. 0168 eV's
.05 g7
|::| | | | .
0 5x10° 1x10%1.5x10" — 410
0 1571 3142 4712 6283

turn number

i
B For PIP-II intensity the rms emittance ﬂ
. oy . . 8107
jump at fransition grows in about 2
times 6x10° Longitudinal Ve
from (0.09->0.12 eV s, 4.8-:10%?) . F,';"rit;'r?;;‘!'g';” 0.86
to (0.09 -> 0.015 eV s, 6.5-10%2) of part. 094
. . 2107 F numb. in g .
¢ Non-Gaussian truncated tails-> X 0.92
Gaussian tails e T T TR TR
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Sup

oression of Emittance Growth after Transition

B Increase of Vrr after transition suppresses the emittance growth after transition

L 015
[eV s]

0.1

0.05

5%10° 1x10*1.5%10"
turn number

0

Acc. Voltage & Bucket area

'l""ll:l
[MeV]

/

1

0.5

- “LE]

0 %10 bx10* 1510
turn number

£
[V 5]

04

L 015
[eV 5]

0.1¢

3%10° 1x10*1.5x10"
turn number

0

Acc. Voltage & Bucket area

'l""ll:l
[MeV]

ﬁ’“‘ﬁfﬂ

0.3 V4 ; \
] i

N e rl------o-- =L E

0 5x10° 1x10" 1.5x10*

turn number

[eV 5]
0.4

Simulation of Emittance growth for the present RF wave-form (left) and for the RF wave form with

increased voltage after transition (right), Np=4.8-10 (15 turn inj.)
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Beam Phase S

pace Dynamics near Transition

; T T ; 10 T T
%P 0 }Itm—'nu=—'zu1 %p N Nig — g = —101 ? Nim — gy = -1
[10] 2 | (103 ° [0 ?
0 ‘ 0 0
-3 -5 -3
Y% —w 0 90 180 U —w 0 20 180 Y% —w 0 90 180
¢ [deg] ¢ [deg] ¢ [deqg]
22 N = B O Tag- 0 | 2 M Tag-
P ] i P P
[10] [0 [102)
0 1] 0
-3 -3 -3
B IE a0 0 &0 130 270 B IE o) 0 LI 180 270 - IE a0 0 a0 180 270
¢ [deg] P [deg] ¢ [deg]
B Synchrotron motion is lost for about 150 turns -
= Relative momentum droop between bunch center and tails is J  w
Ap/p=(150 *300 kV)/(5 GeV)=0.009 (de] 0 N
. — 20 >
B Effect of impedance cannot be compensated by RF i
. . — 200 0 200 A0
VOH-Gge mClnlpLIIGTIOﬂ {turn number) -n,;
¢ 2" harmonic can only help due to overall voltage increase 43
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Q-lump versus Gamma-t Jump

B y-jump is a well-tested technique to mitigate problems due to Z;
B Two possibilities: (1) y-jump when Q stays constant; and (2) Q-jump
¢ At minimum, Aa~+3-10"* (+1%) is required to make the jump useful
B Q-jump is achieved by ramping all trim quads in S-straights
> AIq=4.27 A, A(6dL)=106 G, AQx=0.039, Aa=3.15-10*
Tune changes within £0.1 look acceptable => Aomax=+8.1-10"*
B Formally yi- jump looks as more promising technique
¢ However Booster has non-zero dispersion
= In the first order, a. cannot be changed without affecting tune.
¢ But it can be done in the second order
¢ To make it effective the resonant excitation of dispersion was
suggested (L. C. Teng, 1970): vp = SR E N -2 a®
¢ To achieve the same change in o the 6-th
harmonic requires ~30% higher quad current change than the 7'
harmonic
e but makes smaller dispersion excitation
= 6™ is the preferred choice
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Gamma-t Jump

13
f -
o8
Hl
i &
=
— ; : s — |
BETA_X EETA_Y DISP_X DISP_Y 474.203
O S S S T i S S L R T S

—F

—

——r
—_—

[m]

3
|
| T . 5
MM 'n
EET.EI._II EET.I:l'i._'l' DISP_X uls:P_'r '_

S YT T T R T T A Tt 1 R S
B Peak quad current of 58 A is required to achieve Aa=1.6-10"*
¢ It results in twice larger peak dispersion and half of momentum aperture
¢ It also requires ~5 times larger current change in quads

B vy:-jump does not look competative to the Q-jump

Acceleration and Transition Crossing in Booster, Valeri Lebedev, Fermilab, April 26 & May 17, 2016

45



Q-lump with Present Trim Quads
B Trim quad specifications determine:

Acceleration and Transition Crossing in Booster, Valeri Lebedev, Fermilab, April 26 & May 17, 2016

d(6dL)/dt|max=0.88 kG/ms
dI/dT'max:35.6 A/ms
¢ That requires peak voltage of 78 V
Maximum power supply voltage is 160 V

= twice larger ramp rate looks possible
Skin-effect does not limit the field

ramp rate

dG G G,(t) road ad
W T = =T 2 T oo
dt ¢ T C 20

Vacuum chamber parameters:
a=66 mm,d=16 mm,
cl= 74 uQ/cm (stainless steel)
=1 = 45 pus.
- Such value makes negligible effect on quad
gradient inside the vacuum chamber

200
100
0
-ar 4Gl |- 100
(64) _ 176 kG/cm
dt
- 10— — ' - - 200
- 2x10° — 1=10° 1] 1107 2107
turn number
-3
210
0
-3 o )
210 -
— 200 1] 200
turn number
Slip factor correction
. due to skin effect
. 11077
5107 .
D_ —_
— 5107 .
_ 1:<1I}_3 ] ] ]
—2x10° 0 210° 46

turn numkber



Transition Crossing with Q-jump

20 7 —ji2 20 7 12
n W o n
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E‘ | : | | E‘ | ; | |
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No Q-jump Soft Q-jump:
AQ=+0.04

Aa=+3.15-10"*
dI/dfmaX:35.4 A/I’nS
2 AL na=4.28 A
da An_ n Va78 V

dn An *+n?

Aa(n) =
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[deg]
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_ By
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Normal Q-jump:
AQ=+0.079
Aa=+6.3-10*
dI/dtnax=70.8 A/ms
ALnax=8.55 A
Vinax=155 V
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Negative Mass Instability

B Space charge impedance at high o (round vac.

chamber and beam, a=2.5 cm, a/b=2.3):

z, iz, 1 {1 1, (ka) K, (kb) + 1, (kb) K , (ka)
n 27y’ B b’k®
5~_iz_o{|n(a/b)+1/2, ka < 1
n  y*B|2/k%®*, kb >1
B The instability threshold is determined
by low frequencies (w5 GHz)
el . [IM(Z, /0))

2zme* fyo?

n=>rm, =

In the absence of 2" order slip-factor
the beam is formally unstable for about
first 85 turns after transition
B Two questions
¢ How fast instability?
¢ Can it be stabilized by the second order
slip-factor?
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Space charge impedance
at transition

1 921077
15107
| i
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Negative Mass Instability (2)

B If the system is well above the instability g 30 turns after trans.
threshold the hydrodynamic model can be used 04r -
¢ The growth rate per turn for #-th harmonic is:
02 / . .
Ay = A —-n 271 e Im(z” /n)‘n .7 10 turns after trans.
’ fO rnczlgzyo-p2 .'I I |
0 n
¢ At high frequency end the growth time is a few 0 30 100
turns and the instability has to be stabilized by f[GHz]

other mechanisms
B Second order slip factor

2
ool S
¢ Corresponding rms frequency spread for 0.6- i
Gaussian distribution (o, =y(5p/ p)* ) 04k i i
o, = Joor = a)o\/iyzapz +3n,%0,* 13 _\/_\N\
= An estimate for the stability threshold 0 ! |
) e'peak Im(Zn /n)| 0 30 ll}l}l | 150
My > Ty = turn after transition

2\/§7rm02,827/0p3
np 2 0.4 is required for stabilization
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Second Order Slip-factor E

B Second order slip factor is closely related to o
chromaticity 5
¢ Smooth lattice approximation

_ (., Q1) 35 G L6 1 P
np a 3 §+ + 2 e + 0.15
Q 2Q, ) 2y 300 35

predicts quite small value o S
‘ MAD does nOT make TPUSTGble Gnswer' 0 x10° tuml:ul::ber 1.5x10%
¢ Additional investigations are going on ap=0.1

0.1 —
6

B Simulations show high sensitivity of ftransition crossing to 7,
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Conclusions

B Measurements and simulations showed transition crossing details

which were not known before
¢ There are a lot of features in instrumentation which need to be
accounted of fixed
e Separate discussion is required
Simulations show that the transition crossing at PIP-II intensity
without additional growth of longitudinal emittance is possible
¢ 1.2 MV RF voltage is required
¢ Q-jump at transition with present trim quadrupoles is greatly
helpful
¢ 20 Hz ramp rate will result in faster transition and,
consequently, will result in additional decrease of emittance
growth
Effects of negative mass instability require better understanding
Second order slip-factor is important factor and requires better
understanding both theoretically and experimentally
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