Main PIP-11 parameters

wﬁnac

Parameters of linac beam at exit

Linac current: =2.10 3 A

linac

Linac Energy: = 800.106 eV

Elinac*

Repetition rate: frep =20 Hz

Hor. rms norm. emittance: EnxL. = 0.30-10 4 om Vert rms norm. emittance: EnyL = 0.30-10 4 om
Long rms norm. emittance: EnsL = 0.35-10 4 om EnsL Mp 1095 % 10” 6 eVs
Bear_ndplfJIse dBurati?n vore Tini = 0.5369-10" En ) c
(copied from Boos e.r section): = 1} Tinj'frep =1.074-% P Ilinac'Elinac'Tinj' frep'l 0 3_ 17181 KW
Parameters of Linac Cavities
il = =
0 0 1 2 3 4 5

0 "Name" 0| "MEBT" "HWR" "SSR1" "SSR2" [ "LB650"| "HB650"
1 "f [MHz]" 1 162.5 162.5 325 325 650 650
2 "N cell" 2 2 2 2 2 5 5
3 "beta-opt" 3 0.067 0.112 0.222 0.475 0.65 0.971
4 "beta-geom" 4 0.56 0.094 0.186 0.398 0.61 0.92
5 "apert. [mm]" 5 20 33 30 40 88 118
6 "U max [MV]" 6 0.1 2 2.05 4.987 11.9 19.9
7 "E.peak [MV/m]" 7 44.938 38.4 40 40.6 38.9
8 "Bpeak [mT]" 8 48.321 58.1 64.5 753 73.1
9 "G [Ohm]" 9 48 84 115 193 260
10 "R/Q [Ohm]"| (10 503 272 242 297 341 610
11 "QO" | 11| 1.053-104 5-109 6-10° 8-109| 2.15-1010 3-1010
12 "cavities/crm" | |12 1 8 8 5 3 6
13 "Number of cryomodules" | (13 3 1 2 7 11 4
14 "Stat. load @2K[W/crm]" [ |14 0 37 13 9 2 4
15 "Max. microphbics detune [Hz]" 15 0 20 20 20 20 20
16 "Power transfer efficiency" | |16 0.9 0.9 0.9 0.9 0.94 0.94
17 "power margin" 17 0.8 0.8 0.8 0.8 0.8 0.8
18 "Accelerating phase [deg]" | |18 90 0 0 0 0 0
19 "Static +dynamic load @ 5 K [W/crm]"| |19 0 60 80 62 16 32
20 "Static +dynamic load @70 K [W/crm]"| (20 0 250 255 126 48 86
21 "LFD coefficient [Hz/(MV/m)"2]"| (21 0 0 5 2.8 1.42 1
22 "Dynamic load coupler @5K,60kW [W]" | (22 0 0 0 0 0
23 "Dynamic load coupler@70K,60kW [W]" | |23 0 0 0 0 0 0
24 24 0 0 0 0 0

ic:=0.5 fCic = 106'M1,ic nceuic = Mz,ic BOptic = M3,ic Bgic = M4,ic Bgsic = Bgic Bgs4 = 0.64 Bgss = 0.947

Upax = 10°M, . Gg =M, . RQ. =M, . Q. =M, . e =M. Pace. = =M, .
ic ,1c ic 9,ic ic 10,ic ic 11,ic ic 15,ic ace, . 180 18,ic

Leff = L-C-BO ‘n Leff = -c-B, ‘n Leff, = -c-3, ‘n

2.1, pt cell AW fc4 g4 cell4 5 fcs gs cell5
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U , .
7, 8,
Epee = o Epeak Eacc. := < Bpeak Eacc. := <
0.01-Leff 1 E 10” 6 1 E 10 6
acc. acc.
1C 1C
i i I R 2 (23 2
Optimal coupling cpl'COS(tPaccic)' _QiC'Qoic : fmfiC'Q()ic
fOI‘ I 1:: 0.0026 A: B — 1+ + | — QO
cp cply, - £ Loaded Q: Q= ———
maxi, Cic L+ Bepi
Required U 2 1 2 I R 2 2
! ( max) ( + Bcpl) linac'cos(‘\oacc)' _QQ Q  2.5f
cavity Preq(Umax’Ilinac’“pacc’R—Q’Q0°Bcpl’fc’éf) = 4 "+ 1 + 1 Tt
power: 'Bcpl'QO'RfQ Umax'( + Bcpl) + Bcpl c
Energy U2 Surface Gcic
stored in CEn = max 1 resistance:R_ = 3 Pric = Preq(UmaxiC’Ilinac’“Pac CiC,R_Qic,QOiC,Bcplic,fcic,éfmfic
the cavity: ~cav R Q 2mf, 0,
Generator P Cavity f.. Cavity Ilinac'SinCPacc, )'R_Qic
power: P, = < bandwidth: Af, = — .(1 + Bepl, ) detuning: Afy = —f, - <
ic M 16, ic'M 17.ic Qoic ic ic ic 2- Umaxic
12.361 0.809 7.416 0 0.019
20.663 9.679 4.643 4.992 14.403
20.478 -6 10.011 3.836 5.804 8.504
Leff = cm  E, .10 = MV/m  Epeak Eacc = Bpeak_Eacc = En,, = J
43.816 11.382 3.514 5.667 41.007
70.336 16.919 24 4451 101.683
106.08 18.759 2.074 3.897 158.958
0 1 2.622 0
9.6 2155.03 6.576 4
9 14 1985.033 _3 | 6138 3 | 41
R.10" = nQ B = 10 T = kW I;. -U___-cos 10 T = kW
s 14.375 epl ™ | 1583.169 17.002 (linac Uinax <03 ace)) 9.974
8.977 2078.372 39.29 23.8
8.667 3021.545 64.392 _3 39.8
30864.198 ~817.375 12.361 5.265 % 10 MEBT
70.071 0 20.663 2.319
QL 3.021 HWR
107.577 0 20.478 | cm — _ :
Af = Hz  Afy = Hz Leff = 6 SSR1
: 64.357 0 43.816 10 5.05 SSR)
62.865 0 70.336 10.34 LB650
65.488 0 106.08 9.925 HB650




Required cavity power for 5
mMA operation (I := 0.005 A):

1C

1.888

11.049
11.336
3 27.606
65.924
110.079

-9

_4 Ul’l’laXiC
Af =M, . 10 "
LED; ™ "21,ic Leff,
1C
0 0
0 0
501.068 Af 4.658
AfLFD = Hz LFD =
362.723 Af, 5.636
406.469 6.466
351.913 5.374
8f:=0,0.1..30 ige:= 2
BCS resiistance estimate:
fim 06510 T,=2K
210080 £ V¥ (1767
RBCS = T . 9 -eXp T
c 1.5-10 c
Flight factors
. B - Bw TNl
) B S1n| B .
ke B, By Neell) =
( ) TN e B-Bw
icl.=1..5 Hficl Hf(ﬁgswl + 10

+(=1)

.8
8ic1

kw

. (6 + BW TNeel]
n .

P beam

Pis = Preq(Umax AL Pace, SRQ5Qp. Bepl. »Te. ’Sfmf.)
ic ic ic ic “ic ic

3.776
1.105
Ratio of cavity power Ps 1.106
to the beam power: =
(IL'Umax) 1.107
1.108
1.106
P(f) ! 20
Coupling to 2 !
1.3 -3
Iepl = 26 10 A |

5f [Hz]

Cavity filling time for operation in pulsed regime

Decay time for amplitude:

Filling time:
0.0103
4.5427
2.9589
4.946
5.0634
4.8605

Td' 103 =

ms

T = In(2)7y4

3

0.0071
3.1487
2.051
3.4283
3.5097
3.3691

S1
eell"!, B -[o 9599-(n < 3) +0 9939-(n > 3)]
B+ Bw cell cell
,n
cellicl)
HWR SSR1 SSR2 LB650 HB650
1
—_—
2.Q
2~7T-fc .
o
= o5
0 A [\ AAAA
0 02 0.4 0.6 0.8




Real part of optimal beam current in the abcence of detuning 9.44 0

Bept, — 1 0 1.184 1.584

Rel  =—— U 3.168
“oPie TR Q_Qp ™ . Py _| 1078 Re lopt | 1401
° Re—Iopt'103 = mA llinac'Ymax 1.227 linac 1.66
3.321 1.241 1.686
3.372 1217 1.642

3.285




Cryogenic power 1888.007 1888.007
e 2.941 23.529
2
(Umax) 2894 | 23154 |
v TR gg, ey T Peavi Mz PTotercmy, = Mg e ¥ Fomy - Feav =g 47 Perm = | 55 336
5 5 19.315 57.946
PStatTot = Z (M14,ic'M13,ic> PDynTo‘[CW = Z (Pcrmic'MB,ic) 21.64 129.839
ic=1 ic=1
P = 1592.953W 3
PCryoTotCW = PStatTot + PDynTo‘[CW PStatTor = 164 W DynTotCW W 1.888 > 10
. PCryoTotcw = 1756.95 60.529
Total static loads to 5 and 70 K
5 5 P _| 36154 W
W W TotPerCrm ~ 61336
PStatTotsK = Z (M19,ic'M13,ic> =958 PStatTot70K = Z (MZO,ic'MB,ic) = 2514 .
ic=1 ic=1 59.946
Pulsed operation 133.839

(ln(2)-'r

2
t 5 In(16) — 2.5
J| {2-(1 - eXP(—T—dD} dt = T-[ln(16) - E) > Fopyo= Tz - 0.393
0

Accelerated . 0.40547
ccelerate t t 2
cavity discharge: Edischarge(t"r) = exp(—:j - 2(1 - exp(—:)) Fdschg = —0'40547 .J'O Edischarge(t’ 1)”dt = 0.301

Neryo = (Tﬁll'Fcryo + Fdschg"'-d'o'40547 + Tinj)'frep

> W Tlcryoic'Pcrmic =
PCryoTotDynamic;: = Pcrml'M13,1 Al Z (ncryoic.Pcrmic.MB,ic) =101.133
ic = 1.082 20.427
ic=2
= = 1.096
PCryoTotPulsed = PgtatTot * PCryoTotDynarnic =265.133 W 4.658 W
3.408 | 0.789 ——
Neryo = Yo 2.604
> (Meryo, Perm M3 ;o) = 77604 W 4.976
YO CMic 13,ic 5 068 2.937
© ' 6.373
00 4.908 ;
Normal f 2
cavity discharge: F . | exp ¢ dt F 1 0.011
: dschgN = - dschgN =
=T | Td . 0.081
0 0.056
NeryoN = (Tﬁll'Fcryo + Fdscth"rd + Tinj)'frep NeryoN = 0.087
s 0.089
PCryoTotDynamicN = Pcrml'M13,1 + Z (ncryONic'PCHnic'Ml3,iC) =159.373 W 0.086
o=2 W ncryoNiC'PcrmiC
PCryoTotPulsedN = PStatTot + PCryoTotDynamicN = 323373
0.011 20.574
5
0.074 1.904
-P M., . ) =137.748 W
. Zl (T]CI‘YONiC CrIniC 13 5 IC) T 0052 1307 i
1C = T + ... =
X (7l * Tinj) frep 0.079 4.562| crm
5.156
Z (ncryo. “Perm, 'M13 ic) 0.081
o= 1 R 0.078 11.146
— = 0.571 :
3 P CryoTotPulsedN P CryoTotPulsedN
Z NervoN. Perm. ‘Mis =1.22 =0.184
CryolNjc ~orm;e 13, ic P CryoTotPulsed P CryoTotCW

ic=1



Required thickness of linac collimators
Collimator material steel => p := 7.8 g/lcm?

E2

Stopping length: x(E) =

(E + mp)~dE7dx0- Pst

Simple estimate of beam acceleration

dE_dx = 145-10° eV/(glem?)  xp:=81.7 glom?

100
En = 2.1~106 eV

EnD(EO) =li<o o -
Nerm < 0 /é\ / st
for ice 1..5

0.1
for necrme 0. M_, . —1 /
13,ic
for ncav e O..M12 o 1 0.01
’ 10 100 1x10°
E MeV)
5
Neav = Z (Mlz’ic-MB’ic) =116 ncav := 0.. Ny,
P 6+ ic=1 En := EnD(E
i+ 1)0.344 ( 0)
Hfi « nf(Bi, Bgic’ncellic) nendO =0 nendic+l = nendic + M12,1c+1'M13,ic+1
-6
kf. . En 10 7 = En =
Bl € B+ Unax, 5f COS( 180 ‘PJ fend, = Tend, -+ Tend, -3
AE; < Upgy K 0 2.1 0.067
8 11.658 0.156
i< i+ 1 =
et ng =39 24 38.633| 10y 0.278
Nerm. < nerm + 1
— En ) )
i Bg E - 59 184.995 0.55
g 92 508.885 0.761
116 841.437 0.85
1><103 T T
P P 800
Ncrmi « Ncrmi_1 Enpcav, 0 600
6
Kkf. < Kf. 10 400
1 i—1 —_—
200
AE. « AE.
1 i—1 0
augment(E,Ncrm, kf, 3, ¢, AE)

ncav

beta
0.8
0.6] L eoa@ii0eeegy, e
0.4 | Energy gain
| per cavity s

0.2 i [MeV]

0 1 ! 1 0

0 50 100

cavity number
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Booster
Circumference:

Injection energy:
Injection momentum:
Extraction energy:
Extraction momentum:
Ramp frequency:
Harmonic number
Momentum compaction:
Transition gamma:

Hor norm. emittance:
Vert norm. emittance:
Hor effective norm. emit.:

Hor effective norm. emit.:

Minimum L. bucket size
(total aria):

RMS L. emittance(Ax Ap)
at injection:

Beam acceleration
Niym = 15151

n, = (0000 260.0 1200 4000 6000 6800 7000 7150 7400 7900 10500 12000 14000 N

ng = 7136

C.=47420.214cm

9
E iy = 08107 eV

9
Ppin = 1463 x 10

9 2 2
Ernax = 810 eV Prax \/(Emax + mp) - m,
9
P ax = 8.889 x 107eV
framp = frep = 20 Hz
qp = 84
o= 03346 b L
t—
N = 5467 Vo

€nxos = 0.0016 cm
Enyos = 0.0016 om
€nxEf = 0.0005 cm
EnyEf = 0.0005 Cm

\ These two emittances are determined so that the beam density in the

| beam center obtained in the strip- injection simulations coinside with the
/  beam density of a Gaussian beam with these emittances

ELB = 0.077 eV*s

—3 e
ELBO. = 3.2-10 eV*s
n:= 0"Nturn

turn )

Vi = 106-(0.204 0.36 0.700 0.980 1.05 1.07 1.08 1.12 1.17 1.180 1.170 1.12 0.900 0.45)T

Vs = cspline(nb , Vb)

P -P

VOn = interp(vs 0, Vi, n)

P(t) == Prip + maxz min.(l - COS(Z'“'framp't)) En(t) == \} P(t)z + mp2 ~Mp v = e m 110];1(0
p
_ LS Y(t)
=0
) e = Gt ) B = Cn P, = P(t,) 0 - V(::“) ty, m.103 — 25.001 ms
u
En(t — a . =
. Hf:) S ] E, = Enf1) 2; ;o
1 n db’ |T]Sn| rmp
mns, = o= T VsOn = 2
(ﬁ{n) 2-7T-mp-“{n~(8n) Vacc
n:=0.Nymp— 1 Vace =E  —E ¢0_:= asin . Vg = Vs0 -\’cosi d)Oni
n n
Laccepn : S ZﬂIHPQb |nsn| (1 N Ossln(d)()n))z Ap—pmaxn = m-\/COS((bOn) - (? - ¢0njs1n(¢0n)



ct)OaIl = (1>0n~(n < ntr) + (7r - ¢0n)~(n > ntr)

o

n

2-T-€] ggC |nsn|

2T g C |nsn|

= qb . n

rn_p.C.Bn.rYn.Usn O'pn =

0-(\Dn = qb

L. emit. jump at transition:

RMS L. emittance(Ax Ap)
at extraction:

MI 97% L. acceptance
for slip-stacking:

Maxumum RF voltage:

RF frequency at injection:

RF frequency at extraction:

Number of particles
at extraction:

Booster efficiency

in acceleration:
Efficiency of

Booster injection:

Number of

particles at injection:
Number of injection turns:

Injection time

Number of bunches:

Bunch population
at injection:

Beam power:
Injection beam current:

Extraction beam current:

Booster acceptance:

Booster aperture expressed
in 95% beam size at injection:

Momentum change during injection: Ap—pinj 1444 % 10~

rn_pC Bn.rYn.Usn

2"7T'€LBO.'C'US

Op = B \/2-71
t mp'C.Bnm{n' |nsn| ntg
LpIl

Ry = 72%

3210 JeV's
€] max == 0-1 eVs - It implies the Recycler bucket of 4.2 ns, 8 MeV:

(784210 320106 YeV's

max(V0)-10~ ° = 1.184 MV

-6

S S
- Ef Ef
frpy. 10 ®_ 52812 MHz ex = —— ey = —>
turn Bnm{n Bnm{n
12
Np = 6.437-10
K := 0.98
— N,
I‘Lbl =098 Nbl o ﬁ
K Ni...
N = 6.568 x 10" b N es1Mi T . NturnB
turnB = 7 7 NN

Nyymp = 285.735 Kbi linac 0,

3
Tipj 10 = 0.537 ms

Nui.:
ny, = 81 bi
b Npp = T Ib = egp'Np; f0_

10

Pg10 > = 165.003 KW

IbO =056 A

Ib Ky, = 0.648 A
Nturn_1 b

-4
Eaccept = 3510 cm

B()'ﬁf()'eaccos:pt

= 1.847
€ny95

Corresponding change in the Booster correctors:

Number of correctors:

Neor = 48

Transfer function for horizontal correctors: o

Pg:= eSI'Nbe'Emax'framp

Normalized acceptance: €accept 60'70'104 = 54.585

P - P_.
max min -3
Ap—pin_] ?(1 - COS(’Tl"framp'Tinj)) = 1.444 x 10
3 min
Sv, =0 Sv =3V, +V
S0 Sl h Sn
corH = 366 G-cm/A



B(t) T T T = Tinj' 10
kGl | i Toop = —— — loor=252 A

6 €conv Ncor'o‘corH

Note that the maximum corrector current is 40 A.
a 4
o+ 4
0
0 010203 04 <= 7.200 GeV: 6.60 kG for F dipoleand 5.61 kG for D dipole
0 |
0 10 20

t [ms]

0.95

0.9

0.85

0.8 44 : :
0 10 20 0 10 20 0 10 20
t [ms] t [ms] t [ms]

RF voltage Accelerating phase, deg Bucket area, eV s

180 1
160
140 0.75
120
100
80
60
40 0.25

20

0.5

Ve [MV]

0 10 20 0 10 20
t [ms] t [ms]

Bucket height, AP/P Rms AP/P Rms bunch length, deg

0.01 210" ° 50

W

810 1,510~

o8]

6x10~ 30

)

1x10~
410 20

-3 5%x10°
2x10 10

t [ms] t [ms] t [ms]



Bunching factor Synchrotron tune Number of syncrotron periods

16|
14
12 0.03 150
10
0.02 100
0.01 50

8
6
4
2
0 0 0
0 10 20 0 10 20 0 10 20
t [ms] t [ms]
Ring Twiss parameters
M = . 3
W oL N := rows(M 1=0.N-1 N=2.946 x 10
BoosterTwiss.dat mw (M)
S My, By M By; =M, s Dxpz=M; 5 vx= My vy =M,
o, 1= P4 ay; = M1,6 Dxpi = Mi,8 Vy = VX Vy =V Vx = 6.725 vy = 6.798
4x10° T T T I I I
x10° | Bxi-exo
BXi - 1
— 10’ - [Byievo
By; —
1x 103 -H 0'po'DXiO.S
0 | | | T WUW
0 50 100 150 200 0 1 1 1
0.01-s; 0 50 100 150 200
0.01-5;
= - Ny .- N-2 . _
nn = 0,50.. Ny — 1 rp Npi B, By, (sj+1 sJ.)
6]/ SC
Y imn 2.7(B 2. 3 C D 2
( nn) (“{nn) i=0 ’BYJ &Y i’ ij-€xnn + (O-pnn' xj) + [Byjeynn
) N-2 ) _
T Nbi Bnn ij (Sj+1 Sj)
dvysc

Maximum H. SC tune shift
for Gaussian tr. distribution:

Maximum V. SC tune shift 5 _ 0201
for Gaussian tr. distribution: max( VySC) =020
Maximum H. SC tune shift ~1

max(8vygc) = 0.191

B T o . o .
for KV tr. distribution: 3 ~maX(5UxSC) = 0.064 It implies the_same 100% emlttqnce_ as 95% emittance

. . for the Gaussian transverse distribution
Madmum V. SC tune shift -1 § = The below picture was computed usin
for KV tr. distribution: 3 'max( UYSC) = 0.067 P P g

multiparticle tracking for beam



Space charge tune shifts

0 T

- 0.05I

-0.1

-0.15

-0.2
0

Cavity parameters
Number of cavities:

External Q-value:

R Q(f) := 75 + 75 0.8

Ry (F) = Q(F)-R_Q(D)

OVsex
|
20
t [ms]
NcaVB = 22
Qe = 600
2
6 6
f —37-10 f —37-10
—_— 02—
(53 = 37)-10° (53 = 37)-10°
Q() Qext
Rpi(f) == ——— R _Q(f)
SHET Q) + Qg P

Q(f) := 300 + 800

acceleration

Space charge tune shifts

1

t'II

f - 37~106

(53 - 37)-10°

A4 2
n

cavB_ -~ ’
n Rsh(fRFn) NeavB

P

0.5 +

n

acc_ -

20

f - 37~106

(53 - 37)-10°

Vacc

% 1b

NcavB t

2

0.5



1.2x10°
Ix10°F
800F

600

400
44

46

48

50

f [MHz]

R/Q,

52

54

150

1401

130

1201

1101

100
44

46

48
f [MHz]

50

Rsh, k2

52

54

180

160~

1401~

1201

100~

60
44

46

48

50

f [MHz]

3
te = 107t

52

54

Data recieved from John Reid

1400

1200

o 1000

20

55

30

20

Frequency - MHz

10

1400

300

1000 1500
Bias Current- Amps

2000

2500

1200

1000

1500

Bias Current- Amps

Power/cavity, kW

50,

301

20

10

I
P

|Dbeam

P

cavity

total

10
t [ms]

20

2000

2500

Beam induced RF
voltage/cavity, kV
I |




Second order slip factor

Prsp = 3370 €m Pxsp = 716 ¢m with MADX simulations in | o o oo
B,gF == 525 ¢m Bygp = 2048cm August 2017 ) ’ ’
Dy 4 om Dy 508 om s o | 1297 00580 8.13
Sk~ SD = T 163 -0.0887 8.90
S (S
Introduce = —. SL =— SL 19.6 —-0.1195 9.66
n n 22,99 -0.1502 10.42
/ 1 3 3 k:= 0. rows(MS) — 1
=>
| 1 AE Der-B Doy B A
| A&T o ( FDgp BysF + ApDspBysp) X |1 | TSEXSE ESDUERSD | F
| O Agy ) 4w | -Dgp-Bysr -Dsp'Bysp ) | Ap
|\ Aty = ——(ApDsp-Bysk + ApDsp-Bysp)
-1 -1 ]
Ap Dgp'Bxsr  DspBxsp Ay 2om 3 3\ [ PsrBxsr  PspBxsp Aty
=> = 4-1t- . => Aap = —— DSF DSD 5 .
Ap ~DgpBysr ~DspBysp Agy C ~DgrBysr “DspBysp Ag
-1
Dap-B Dapy-B
2. SF*PxSF SD"PxSD _ _ —
K, = L Dep” Depy )- (3751 % 1073 8033 % 1074 R
e= ¢ \Psk Psp )| 5 po g
SF'Pysr DPspBysp . .
, . Aap(Agx,Agy) = Hs-|:0.02 + (Kg )O-Agx + (Kg )I-Agy}
A 1) A 3 A
L [a_ _)._p s 5.6_ (_p)
2 2 0.02 T T
q P q P
T]lopt = —0.041 oF ]
1
opg = 0.002 - rms mom. spread at transition —MSy |
2 —0.02 .
Non-linear time Ac(MSy 0, MSy )
ﬁ{ntr-i—l Yoo 2 - 0.047 |
drydty, = = 488.568 vy MSy
a1t x5 —0.06F =
tr tr 2.]/X UX
3
(”{ ) - 0.08 1
TONL = 5 dty [M1ope P TN 100 = 13714 ps o , ,
0 10 20
EX  N-2 _
n S. S. Msk’o
LY ( i+ J) ~412x10 % -rel. orbit lengthening due
2.C . 0 ij to betatron motion
J =
|T|10pt| 'GPtrz —164x 10 -rel. orbit lengthening due
to 2-nd order slip-factor
1
5 3
2-7t-f0 -Qpy- | cos( d0a Vo
1 2€ Bg ( ntr) b ( ntr) tr _3 iy
op,. = . . =1.378 x 10 - rms momentum spread at transition
3-my, m, computed for zero intensity

Cx alpha_c p Cy

The below data were

computed by A. Valishev 630 0.0034 6.61

Y




Recycler / Main Injector

Number of 1

slip-stacked batches: MnjMI =

o . n. .. + n

Number of_other Booster a -1 ER == Eax PeR = Prax S injMI ™ “others

cycles in the Ml cycle: others * MI P —

ramp
Injection energy: ER = 8x 109 eV
9
Top energy: Engp = 120-10 eV 2
M penr = | (Emir + mp)” — my
Injection Momentum: peR = 8.889 x 100 eV
. -9

Top momentum: pey10 7 =120.935 eV
Main Injector cycle duration: Typ=12 s
Number of N 774 % 1013

particles at injection: be MinjMI = /- /% %
Recycler efficiency: kg = 0.97 _ .

s NvrEmr

Number of 13 NMI = NbenlllMIK'MI PMI =

particles at extraction: Ny = 7:493 > 10 . Twvr

Beam power: Py 10 6_ 12 MW

Longitudinal 97% emittance Cyp=7C

of single slip-stacked bunch: *Lmax = 0.1 eVs
MI circumference: Cpp0.01 =3319.415 m
Transverse emittance delution
K1 := 10%

at Booster-Recycler transfer: el

Transverse emittance delution = . .
at Recycler-MI transfer: Kep = 10% “nxMIoS (1 ’ HEI) (1 N %1) “nx95
EnyMios = (1 + Ke1)(1 + Ke1)-€nyos

4
Hor MI norm. emittance: EnxMI95° 10" = 19.36mm mrad

. . 4
Vert MI norm. emittance: €nxMI95° 10 = 19.36mm mrad
MI cycle time: 0.7 s at 60 GeV Booster power for 8 GeV program:
-3 14-12
125 at 120 GeV P10 = = 23572 kW al 60 GeV

Number of Booster cycles in cycle time:
0.7.20 = 14 at 60 GeV

1.2:20 = 24 at 120 GeV

P10 242 82502 kW at 120 GeV
B 24



Recycler cBy

. i turn
Harmonic number: qR = 588 fOR = C fRF_R = qp-f0R
Momentum compaction: ag = .002508 MI 1 2
Nnpi=0p — ——————— AR- “{N -1
. -3 R~ "R 2 turn
Slip factor: Mg = -8.511 x 10 Kp =
R TN R 5
3 turn ~ -1
Revolution frequency: foR.10_ = 89.816 kHz Nturn
RF frequency: fop 107 0= 52812 MHz Afg =, . Afg;
. RF R =0z slip = ramp"9b Apgin = .
RF frequency difference Afo - 168x 10> Hz P |71R| fRE R
between slip-stacked trains: ~'slip = *-0% 2
Rel momentum difference A 3738 x 1077 AE. o PR A _ 3304 x 107 _ !
between slip-stacked trains: “Pslip = 2/2¢ * slip ™ E e m Pslip = 2-2V% % €LRo = €LBo’(! + FLu)
p
Beam and RF parameters before bunch coalescing (single not-slip-stacked bunch)
— 3 2-v
RF voltage: VO = 140-10” V Ap = ——
; - ar- (M
Sinchrotron tune: VR =3.552x 10 3 R | R|
_ VOR-
RF bucket hight: Ap g = 1419 x 1077 . 8 mpyCmi R Noyrm
LaccepR -~ _°
RF bucket area: €LaccepR = 0303 €V's PR cap BNturn 2-Temp R |KR|
Rms longitudinal emittance: e p - =5.504 x 10~ Sevs 2TELRG |TIR|
g = .
Rms bunch length: o gR = 30.914-deg P wn  Nurn
. 2TELRg O VsR >
. — (o3 = —_
Rms rel. momentum spread: TR = 3.829 x 10 pR mp‘CMI'BNt A{Nt '|TIR| Bg = _—
Bunching factor: Bp = 4.646 urm ot ?
-9 P
97% bunch length: = 4.1 s = DT T
b g TpR = 4.1-10 ¢pR = 2T Thr fRE R Fe(o) = J' Jsin(@)z _ sin()> dup
¢pR = 1.36  rad 0

€ =€ -Fe(0.5-
LR97 LaccepR PbR
97% bunch emittance: €[ ro7 = 0.1 eVs P ( ) A A ’ 1 - COSi tpri
P_PR97 = 2P_PmaxR’
2

4

79 nch height: = B
97% bunch heig Ap_prog7 = 8.928 x 10 AEgqn = m._ (6 2~Ap_p
R97 = MpiN N R97
97% bunch turn turn
height in energy: AERg7-10° 6_ 7892 MeVv !
0.8
E,p = EX {1+ K
xR N1 ( €1)
' 0.6
EyR = E¥y _1-(1 + HEI) FE(LP)
turn
0.4
95% norm. hor. emittance: 6-e4R-B -~ .10% = 33 mm mrad 0.2
. Nturn Nturn
95% norm. vert. emittance: A 0
6-€,pB -~ -10" = 33 mm mrad
yR Nturn Nturn

4
exR-lo = 0.581 mm mrad

4
EyRIO =0.581 mm mrad



Ring Twiss parameters
MR := .
RecyclerTwiss.dat

i:=0.rows(MR) — 1 rows(MR) = 1.549 x 104

s, 1= MRi,2 Bxi = MRi,3 Byi = MRi,S DXi = MRi,7 VX, 1= MRi, 1 vy, = MRi, 12 o, 1= MRi,4
ay; = MRi,6 Dxpi = MRi,S VR = VXrOWS(MR)—l VyR = Vyrows(MR)—l V4R = 25429 VyR = 24.416
(7. . rows(MR)-2 s.  —s.
_ p (7 Npe) BR B (SJ+1 SJ)
TN T PV e e
“TT : : = SEy ~Eop + (0.n-Dx. ) + €
( Nturn) ( Nturn) Ml j=0 y.l yR XJ xR ( PR XJ) yJ yR
MR)-2 . _
5 3 rp'(7'Nbe)'BR rows(MR) ij (Sj+1 Sj)
1% = .
xSC R 2 3 Z > >
2B (N -C i = J e+ -Dx. [\/ CEon + Dx.)" + [By.€ }
( Nturn) ( Nturn) Ml j=0 BXJ xR (GPR xJ) BXJ xR (GPR XJ) By] yR
6x10° T T T I I I
’ BX..E
Bx, 4x10° BT ;
Byne
Byi 3 _1 xR
— 2x10
2
0 | I I — Ap.. VAVAVAVAVAVIVAVAY, TAVAY,
Psli
0 100 200 300 40( s p-Dx-
1 — -
0.01-s; 2 02 ’ /
or Gaussian tr. distribution: 0 100 200 300 400
Maximum V. SC tune shift 5nyC R = 0.052
for Gaussian tr. distribution: - 0.01-s;
Maximum H. SC tune shift 3" 1 5 _ 0,017
for KV tr. distribution: OVxSC R =V
Maximum V. SC tune shift 3" 1 5 _ 0,017
for KV tr. distribution: OVysCc R =V
Beam and RF parameters after bunch coalescing
. 6 2.1}
RF voltage: VOge=1.2:10"V AP_PmaxRe e
Sinchrotron tune: =0.01 4 '|nR|
: VsRe = V-
I -3 .C RcIN
RF bucket hight: AP PaxRre = 4156 x 10 € LaccenRe = 8 MMl tu
_ T cqp-B 2-m-qp- K
Ap_p e Per 10 C = 36.939 MeV Nturn p I [
RF bucket area: €l accepRe = 0-386 eVs
Rms longitudinal emittance: ¢ =5504x%x 10 3 evs 2MELRG® |TIR|
LRO- O' =
AAPR arR
Rms bunch length: o gR = 30.914-deg P wn  Nurn
2-T-€ -c-V
LRo sR
-4 o N V2T
Rms rel. momentum spread: o = 3.829 x 10 PRA . . . . Bp = ——
R CmrB gl n AR
P mp MI Nturn Nturn | R| 0-LpR

Bunching factor:

B = 4.646



Main Injector
Ramp suggested for PIP-II

AT,.:= (0.0l 0.01 0.01 0.073 0.297 0.15 0.05 0.01 0.11 0.17 0.20 0.03 0.04 0.04 .01)T Nk := rows(ATr)—l

PO, := (8.888 8.888 8.99 9.56 22.0 86 116.1 120.888 120.888 104 60.0 11 6.4 7.799 8.888)T

k:=0.Nk-1 TrO =0 Trk+1 = Trk + ATrk Noyqp = 2048 i = 0. Ny TrNk =12
o r . . . 102 o _ pc... . — pc.
t.= N TrNk vt = lsphne(Tr,POr) pe. = 10 1nterp(vt,Tr,P0r,tir) ir:=0..Npmg—1 dPdt. = ir+1 ir
™M1 ir )
. . . tinj . textr ir+1  ir
tillj = 0.01 tCXtI' = 0.605 11'1 := floo NI'MIT— 11'2 := floo NI'MIT— .
( rNk) ( rNk) ir) =17
iry = 1032

MI magnetic cycle

4x10"!
% 100 " ir ;= OII'2
G 2x10 ) >
E_. = { c + —
S" mlir ’ (p ir) mp mp
g 0 -9
§ 50 Ei -107 =7.999 GeV
= Iry
S ~2x10"! o
Epi 107 =120 GeV
1r2
11
0 —4x10 Emi.
14 ir
ﬁ{mlir mp
Harmonic number: .= 588
. Ami . Bri. = C'Bmiir
Slip factor: oy = 00214 VM = ——— r O, =
Transiti . O it Cmr
ransition gamma: Yemp = 21.617 £ — 0
6 ) RFmiir Ami’ rniir
N -6 _ " . -1
RF frequency at injection: fRFmiirl' 10~ = 52.812MHz ' mi (’leir> 1
. Kmiir = N nmllr = %mi N
- -6 _ . -1 .
RF frequency at extraction: fRFmiirz'lo =53.104 MHz (“fmlir) (“frmir)
Minimum L. bucket size g/ p .= 0.8 eV*s _ SLBmi Bmio'“{mio
(total aria): €Lmio = T 5 = ex -(1 + K )(1 +K )
RMS L. emittance(Ax Ap): v+ B M Non ™ B g el =
. emittance(Ax Ap): €l mig = 0-042 eV’s mi, " mi
Compare RMS L. emittance to - ¢ BPslip 0.054 eV's £ £ Bmio.ﬁ{mio 1+ &k ) (1 K )
. = e . . = y _ _— .
LRo UpR yMI1r Nturn 1 Bml ﬁ{ml el €2
1 1r
T T T 1 i T 53.2 T T T
5 fror [MHZ]
5311 T
100F 0.998 -
pc [GeV] 53 _
E [GeV]
50 1 0.996[ -
52.9 T
0 ' ' 4 0.994 ' ' ' 52.8 ' ' '
0.6 0 0.6 0 0 0.6

0.2 0.4 . 0.2 0.4 . 2
t [s] t [s] t [s]



MI RF E, —E

ir:=0.irp - 1 v iir+1 miir v v
Ay, = Amijr, = Vmiir,—1  ir= 0. ir
r fomiir.(tirﬂ B tir) 2 2 ' "2
Vi = (1050 1050.0 1650 1650.0 800 900 1000 890 790 680 400)"-10°
T .
tmi = (0.00 0.010 0.0200 0.050 0.085 0.1200 0.20 0.3 04 0.50 toy) Vini = Pspline(ty;, Vipi)
Va_ . VO_ . -q |Km |
=1 . . . . = . mi. mi. 1imi 1.
AV, = interp( Vi tis Vit VO = Vap + AV, 0. = asin L0 ir ir
ir ir mi. sOmi.
ir mi. ir 2-7T~mp-~{mi.
VO, - Ao l—sin(d)O ) 1 r
-C mi.  'mi. mi. .
ELtotMI. = 8, Tp Ml . LT ) Vsmiir = VsOmiir' ’COS d)omiir
ir 7 c-Qmi'Bmiir Z.ﬁ.mp-(hni‘ Kmiir (1 + 0.5~Sin<¢0mi.))z
11
AD(P) == 2.7 — 1.36698-¢p — 3.3+ + 0.208-¢-G - j Adpi = A¢(¢omr)
1r 1r
2'“50miir o $0a_ . =0 _: (K . <0)+(m—d0 . ) . >0
Ap p = ——— cos(q)omi ) = | = = d0pi ~Sin(d>0mi ) mi, -~ Fmi, (Kmlir ) ( mlir) (Kmlir— )
it Qi | Mmi. ir 2 ir ir
11|
2.”1'.5 . .C.U .
2-T€] mig© |nmijr Lmioc smi,
g

Opmi. = 11+ Ky 4o . >0
11+ KLt Krni. 20 pmi;, m 'CMI' Bmi. “Ymi. " |Mmi. |: Ltr (Kmlir )j|
1 p ir ir ir

mi._ -~ 9mi’
pmi;,

mp'CMI'Bmi. Tmi. Vsmi.
ir ir ir

\/ 2.1 .
B, = ] iy = 162 EVsmio =0 Evsmiirﬂ = EVsmiir + fomiir'vsmiir'(tirﬂ - tir)
Accelerating phase, deg Bucket area, eV s
180
160
140
120
100
80
60
40
20
0
0 0.2 0.4 0.6
t [s] t [s] t [s]
Bucket height, AP/P Bucket length, deg Synchrotron tune
810" 360
6x10"° 270
0.01
-3
4x10 180
-3
2x10° 3 90 <10
0o 0.2 0.4 0.6 0 0
: 0 0.2 0.4 0.6 0 0.2 0.4 0.6

t [s] Cot[s] ' T t[s]



Rms AP/P Rms bunch length, deg Bunching factor

3x10°° 60 10
48 8

210" °
36 6
107> 24 4
12 2
0o 0.2 0.4 0.6 0 0

' ' : 0 02 0.4 0.6 0 02 0.4 0.6

t [s] Ct[s] Cts]

Number of syncrotron periods

150

100

50

0 0.2 0.4 0.6
t[s]

Ring Twiss parameters

M = ) 4
AW . N,:= rows(M) i=0.N-1 N=1.017 x 10
MI_Twiss.dat
=M, BEM By; =M, s Dxpz=M; 5 vx= M vyi= M,
(XXI = M1’4 (Xyl = Ml,6 DXp =M 8 VXMI = UXN 1 VyMI = UyN_l VXMI = 26.424 VyMI = 25414
6x10°
Bx. 4x10°
1
Byi
— 2x10°
0 : L ' 0 1 1 1
0 50 100 150 20( 0 <0 100 150 200
0.01-5; 0.01s;
rp'(14'Nbe)'Bmiir N-2 Byj~(sj+1 - Sj)
Y =
ySC; ) 2 C 2
.’Tr. . . . _ . . .
(Bmlir) (ﬁ{mlir> MIj=0 By] syMI J P €XMIlr i (O-pmlir ij) " \’ Byj syMIir
1 (14Noc) B N2 P (Sj+1 - J)
6UXS =




Space charge tune shifts
0 T T

-0.021 7]

~0.04F -

—-0.06 7]

t [s]

Second order slip factor and non-linear time

-3 -3
O'pMItr = 5-10 T]IMI =2.5-10 3,57)(10_3
Non-linear time np(VXMI’ 55{1919“}
e iy Viy = 21623
Ml ( iyt itr) o veur-) Ty M = 26424
TmiNL = (”fmiitr) | EVZ TN Y P\ xMD ' *
( mlltr+1 mlltr)
— 179910 °
ToiNL' 10° = 277.678 ps -20 S 20
€XMIitr N-2 (s.+1 - s.) 9
Z J 1 7.006x 10~ - rel. orbit lengthening due
2:Cyp ij to betatron motion Tmi; +1 ~ Ymi;
1= dydty = —————— = 227,567
2 _ sy 108 - rel. orbit lengthening due VeI = ¢ i
|T|1MI| “OPMItr = 040 X to 2-nd order slip-factor igtl i
1
3

2
2-m-f0,_:. ) -qqi [cosf DO, ;. VO, ..
( mlltr) mi ( mlltr)‘ Mg 4413« 1o~ 3 - Ms momentum spread at
' =aalax transition computed for

5 m
s / dﬁ(dtMI-(Bmiitr) A{miitr P zero intensity




2 2

1. .-cos(p)R Q. - 2-8 .
Bepl(ep. ic) 1 cpl () _QIC QOic N fmfic QOic
cpl(p,ic) = + _—
Umax. fc.
ic ic

Preq(‘*P > Bcplﬁ IC) = Preq(Umaxic s Ihnacﬂ P, R_QiC 5 QOIC 5 Bcplz fCiC 5 Sfrnflc)

icc:=5
4
3.2¢10° | | | 5%10
3x10° 4x10*
Preq(np, 3 s icc)
—_ 2.8x10° opl w10% s
2.6x10 Preq(up, Bcpl(ap, 1cc) s 1cc) 2x10
24100/ N T 1x10°F .
3 | | |
2x10
22107 1 -05 0 05




SSR1
SSR2
LB650
HB650

2.8

1.42

MeV
m

;

Afipp. = Ale.
1C
0 0
0 0
501.068 4.658
362.723| HZ | 5636
406.469 6.466
351.913 5.374







(V¢ = 1)mp = 4.191 x 10’






11 T T
10~
oF
Mska
— g
7+
G I I
0 10 20
Msk’()
opt:=0 m = —0.041
Popt
0.05 11
o €y
1 -
n 10
0 19
18
-0.05 7
I I I s 6
10 15 20 25



