Main PIP-11 parameters

wﬁnac

Parameters of linac beam at exit Linac Energy: Elinac = 800-10° ev

Linac current: linac = 2-10° - Repetition rate: frep := 20 Hz

Hor. rms norm. emittance: EnxL = 0.30-10 4 cm Vert rms norm. emittance: EnyL = 0.30-10 4 cm

Long rms norm. emittance: Ensl = 0,35.10_4 cm €nsL"Mp 1095 x 10~ 6 eVs

Beam pulse duration _ c
(copled fom Booster section): Tinjix OS4B:107 B Tinj frep = 1096:% o .\ g Tt 1073~ 17536 kW

Parameters of Linac Cavities finac ™= inac =linac”inj “rep

! 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 0.647 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 83 118
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 39.7 38.3
8 "Bpeak [mT]"| |8 48.321 58.1 64.5 75.4 73
9 "G [ohm]"| |9 48 84 115 191 260
10 "R/Q [Ohm]"| |10 503 275 242 297 377 610
11 "QO0"| |11| 1.053-104 5-109 6-109 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 14 12 8.8 25 4.7
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 70.6 49.8 8.7 17.2
20 "Static +dynamic load @70 K [W/crm]"| (20 0 250 193.6 145.1 63.8 118.4
21 "Dynamic load coupler@2K,60kW [W]" | |21 0 0 0 0 0 0
22 "Dynamic load coupler @5K,60kW [W]"| (22 0 0 0 0 0 0
23 "Dynamic load coupler@70K,60kW [W]" | |23 0 0 0 0 0 0
21 21 n n n n n
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6
ic:=0.5 fCic =10 'Ml,ic ncellic = IVlz,ic BOptic = IVIS,ic Bgic = IV|4,ic B94 = e B95 = e
U — 10°M G. =M RQ. =M =M 5 e =M == M
max,. = 10 Mg jo Gc, = Mg ;e Qic = Mig.ic Q.= Myic Omf, = Misic  Pace, = 755 Mislic
S
U M., . M, .
1 max 7 8
Leff .= | —-Cc-BypnN E,pni= | ——— Epeak_Eacc. := bk Bpeak Eacc. := o
opt™cell acc ic ic
2.1, 0.01-Leff £ 108 E 158
accic' accic'
Surface Gcic Cavity Mg ..
resistance: R, := bandwidth: ~ Af, = —— Ul 1
ic Qo ic My Energy stored in the cavity: Encay = :
ic ; RQ 2mf,
i 2 (0.5 2
Optimal 'Iinac'COS(“PacciC)'R—Qic'QOiC : mfiC'QOiC Qy
coupling: Bepl. = || 1+ 5 + . Loaded Q:  Q = ﬁ
IC +
max;. Cic cpl
Required U 2 1 2 I R 2 2
. _ ( max) ( + Bcpl) Ilnac'cos(@acc)' _Q:Qp Q  2.5f
cavity power: Preq(Umax»“Pacc»R—Q»QO’ Bcplzfc’f’f) = I+ + :
4BeprQuRQ Umax'(1 + Bcpl) L+ Bepr e
P =P (U , LR Q..Qy , ., of
i req( max;,, “Paccic —Q|C Qoic BCpIic Cic mfic)
Generator Pric Cavity fcic Cavity 'Iinac'Sin<¢acciC) R_Qi.
power: Pg- - bandwidth: Af, = .(1 + Bcpl. ) detuning: Afgy. = —f, -
ic MlG,ic'Ml7,ic ic Qoic ic ic ic Z.Umaxic
12.361 0.809 7.416 0 0.019
20.663 9.679 4,643 4,992 14.246
20.478 -6 10.011 3.836 5.804 8.504
Leff = cm  E, 10 = MV/m  Epeak_Eacc = Bpeak_Eacc = Encay = J
43.816 11.382 3.514 5.667 41.007
74.602 15.951 2.489 4727 91.973
111.961 17.774 2.155 4,107 158.958
0 1 2.622 0
9.6 1846.123 6.509 4
9 14 1598.397 _3 | 6.062 _3 | 41
R 10" = nQ = P10 = kW I e Upg g COS 10 T = kW
S 14.375 Pepl = | 1370.894 9 16.899 (tinac Umax ©05(aco)) 9.974
8.884 1899.746 37.904 3 23.8
8.667 2606.646 63.982 5.265 x 10 39.8
30864.198 -817.375 12.361 2707 x 106 MEBT
60.031 0 20.663 5751 « 106 HWR
86.634 0 20.478 m QL —| SSR1
Afc = HZ Afdtn = HZ Leﬁ = 6
55.733 0 43.816 5.831 x 10 SSR?2
57.464 0 74.602 1.131 x 107 LB650
56.499 0 111.961
. 1.15 x lO7 HB650
6f:=0,05..30 icc:=2
' 20

Preg( Umax. > ®acc, *R_Qic:Qq +Bepl - ,af)
req( max; * *acc, 1c>%0, cplic Cic 1.3

Prnn(umav > Pann ,R Qir‘.aQ(\ ,Br\nl 5fr~ ,0\\
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BCS resiistance estimate: Preq(umaxicc’(paccicc’ R_QiCC,QOiCC, Bcplicc,fcicc,éf) 12

9
f := 0.65-10 T.=2K Preq<UmaX' +Pacc. +RQicc:Qq_+Bep1 ¢ ,o)
ICC IcC ICC 1.1

ICC IcCC
Rorc : 210 Y[t 2exp(_17'67j
BCS = ' '
Te |15.10° Te

-9

) (B_ Bw “'”cell] i (BJ’ Bw 7T'ncellj
sin : sin .
28 §] 2 ncell+ll §] 2

c

Flight factors

of

10.9599:(nggyy < 3) + 0.9939:(nggyy > 3)]

ke B, By N = + (-1)
0 Puet) = [ 5 P B+ Bu
icl:=1..5 f. .= kel B 1108 By N
T ic = °f Yic1 POy celligg
Cavity filling time for operation in pulsed regime L
—
Decay time for stored energy: . QL
L d= 5
Filling time: Tl = 2:In(2)-4 2-m-f, _
0.0052 0.0071 &
= os
2.6512 3.6753 :
3 1.8371 3 | 2.5468
Td]_() = ms Tﬂ”lo = ms
2.8557 3.9588
2.7696 3.8395
2.817 3.9051 % 0.2
Real part of optimal beam current in the abcence of detuning 0.44
Bepl,_ — 1 0 1.172
Re_l =—U 2.684 P
“OPic T R Q. .Qp  Mic P ) 1065
I "¢ 3 | 2255 e U T 1922
Re—lopt'lo = mA linac’ ~'max '

2.833

HWR SSR1

SSR2 |B650 HB650

0.4 0.6

Re_lOpt ~

IIinac

0.8

1.342
1.128
1.438
1.394
1.417




Cryogenic power 1888.007 1888.007
—2> 2.909 23.273
(Umax) 2.894 W 23.154 W

cav -~ R_Q-Qq crm;. = PcaviC'M12, ic PTotPerCrmic = M14, ict Pcrmic Peav = 10.467 Perm = 52.336
5 5 17.471 52.413
PstatTot= Y (Mig icMizic)  PoynTotcw = (Pcrmic"\"lg,ic) 21.64 129.839
ic=1 ic=1
P =1531.83 W 3
PcryoTotcw = PstatTot * PDynTotcw PstatTot = 1459 W DynTotCW W 1888 x 10
. PcryoTotcw = 1677.73 37.273
Total static loads to 5 and 70 K
5 5 p _| 35154 W
W W TotPerCrm ~— 61.136
PStatTot5K = Z (MlgaiC-M 13, iC) = 7143W  PgiaiTot70K = Z (MZO’iC-M 13,ic> = 2828.3 .
ic=1 ic=1 54,913
Pulsed operation 134.539

(2.|n(2)-7

2
t ~ _ _ In(256) -5
J [2-(1 - exp(—;)ﬂ dt = 7-(In(256) = 5) =>  Fgpyoi= “om@ " 0.393
0

Accelerated

¢ ¢ 0.81094
2
cavity discharge: Edischarge(t:7) = exp(—;) - 2'(1 - exp(—;D Fdschg = J Edischarge(t,1) dt = 0.244

0

Neryo = (TfiII'Fcryo + Fgschg Tg0-81094 + Tinj)'frep
5
PCryoTotDynamic = Pcrml'Mlg,l + Z (ncryoic.Pcrmic.Ml&iC) =102.071 W
ic=2

PCryoTotPulsed = PstatTot * PCryoTotDynamic = 247-971 W

5
Z (ncryoic'Pcrmic'MB,ic) = 78.798 w
ic=2

(o.¢]
Normal 1 r ¢ 2
cavity discharge: Fdscth = T_dJ exp(—z—) dt Fdscth =1

0
McryoN = (TfiII'Fcryo *+ FschgN'Td * Tinj)'frep

5
F)CryoTotDynamicN = Pcrml'Mlgjl + Z (nCWONiC'Pcrmic'MB,ic) = 169.325
ic=2

PCryoTotPulsedN = PstatTot = PCryoTotDynamicN = 315225 w

0.011
5
0.084
Z (ncryoNic'PCrmic'MB,ic) = 148214 W 0.062
ic=1 Ten + T .: f = l
- ( fill |nj) rep 0.09
ic=1 _ 054 0.089
5 o P
CryoTotPulsedN _ 1971

Z (ﬂcryoNic'Pcrmic'Mlg,ic)
ic=1

PCryoTotPuIsed

T1cryoic'PcrmiC =

1.104 20.837
1.172
5.035 W
3,825 0886 —
_ ' % crm
Neryo 5 338 2.794
5211 2.731
5281 6.857
0.011
0.127
0.092
(Tfi" + Td~0.81094 + Tinj)-frep = 0.136
0.133
w 0.135

T1cryoNic'Pcrmic :

1.112

20.993
9.289 2.162
6.773 1.568| W
NeryoN = % B
9.921 5.192| crm
9.655 5.06
9.801 12.726
P
CryoTotPulsedN
ryoTotPulsedN 0.188

PCryoTotcw




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

E2

Stopping length: X(E) =

(E + mp)~dE_dx0-pSt

Simple estimate of beam acceleration
EnD(Eg):= |i« 0
Ncrm < 0

for ice1..5

dE_dxq = 1.45.10° eV/(glom?) Ay =817 glem?

100,

i
10— 7

En:= 2.1~106 eV

X (cm)

augment(E,Ncrm, kf, 3, p, AE)

0.1
for ncrme 0. M13,ic -1 /
for ncave O.. MlZ,ic -1 0.01 5
10 100 1x10
E MeV)
2 5
E.+m
( i p . . _ ._
. ) Neqy = Z (Mlz,ic MlS,ic) =116 ncav := 0.. Ny
¢ <6+ ic=1 En := EnD(E
i+ )03 ( o)
kf, < nf(Bi,BgiC,nce”iC) Mend, =0 Mend. , = Mend.. * M1z icy1Mi3ict1
_6
wf .cod —. En 10 = En =
Bir1 < B+ Umax, 5f; Cos( 180 “Pi) Nend, = Nend -0 Neng, -3
AE, « Umaxic""“fi 0 2.1 0.067
it 8 11.658 0.156
i+ _
< Ng =59 24 38.633| \1ev 0.278
Nerm; < nerm + 1 8. = En 59 184.995 0.55
g n,,3
g 92 517.07 0.764
116 800.624 0.842
1x10° .
P Pia 800
Ncrm, < Nerm, EMncav,0 600
! -1 Enncav,:
kf. « kf. 1 106 400 eee
| I— —
200
AE, « AE, ,

1 T T T
8 beta Ny
0.8 \
o8 e
04 f Energy gain
| per cavity .

0.2 C [MeV]

0 1 : 1 0

0 50 100

cavity number
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Booster

Circumference: C = 47420.214cm
9 2 2
Injection energy: Ermin = 0.8:10" eV Pmin = \/(Emin * mp) ~Mp
9
Injection momentum: Pmin = 1.463 x 10
9 2 2
Extraction energy: Emax = 810 ev Pmax = \/(Emax * mp) ~Mp
9
Extraction momentum: Pmay = 8889 x 10°eV
Ramp frequency: framp = frep = 20 Hz
Harmonic number qp = 84
Momentum compaction: o := .03346 Ny i 1
t = =
Transition gamma: Nt = 5.467 Vo
Hor norm. emittance: €nx9s = 0.0016 cm
Vert norm. emittance: €ny95 = 0.0016 cm

\ These two emittances are determined so that the beam density in the
| beam center obtained in the strip- injection simulations coinside with the
Hor effective norm. emit.: EnyEf = 0.0005 cm / beam density of a Gaussian beam with these emittances

Hor effective norm. emit.: €nxEf = 0.0005 cm

Minimum L. bucket size
(total aria):

RMS L. emittance(Ax Ap)
at injection:

Beam acceleration
Nyyrn = 15151 Ny =7136  ni= 0. Ny

ELB = 0.077 eV*s

€L gy = 32107 JeV's

Np = (OOOO 260.0 1200 4000 6000 6800 7000 7150 7400 7900 10500 12000 14000 Nturn)T

Vb = 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) Vo = interp(vs,nb,vb,n)
Py — Proi
B max ~ "min — [orn2 2 _ P(t)
P(t) == Ppin + > -(1 - cos(2-ﬂ'~framp-t)) En(t) = [P()" + my" — my v(t) := ¢ =
C v(t )
t =0 t =t + n v(t
0 1 = =
n+ n V(tn) Bn : Py P(tn) f0 - ( n) ) .103 _ 95001 mS
¢ n C Niurn
En(t )
n f = (p-f0 E := En(t 3
— RF b 10
T 1+ my n n n (n) ~ _ o5 ms
. 1 . RS |nsn| ramp
ns, = Q- — VSOn = —
(A{n) 2.ﬂ.mp.~{n.(gn> Vace
. n
n:=0.Nym-1 Vaccn = En+1 - En d)On = asin V0 USI’] = vson- /cosi q>0ni
n
g MyC VO 1- sm(d>0n> 2-vg

“Laceep, T gy 2 My Gy s, .(1 - 0,5.sin(d>0n))2 HoPmar, = m'\/COS(Mn) _ (g _ ¢0nj.sm(¢on)



$0a_:= (1>0n-(n < ntr) + (7r - ¢On)~(n > ntr)

2-T€| ggC- |nsn|

P,

Up-

@, = b

mpc Bn.rYn.USn

o =
Py- .C-B -~ - B =
n Mp-C-By 7y |nsn| n o
Lpl’]
L. emit. jump at transition: Kt = 72%
RMS L. emittance(Ax Ap) —3 _\/x
at extraction: =3210 "eV's
MI 97% L. acceptance € max = 0-1 eVs - It implies the Recycler bucket of 4.2 ns, 8 MeV:
for slip-stacking: (784210 3 0106 )eV's
Maxumum RF voltage: max(V0)-10 6_ 1.184 MV
RF frequency at injection:  for 10 6_ 44.705 MHz
0
€ €
RF frequency at extraction: fRFN .10~ 6_ 52.812 MHz = NXEf — LEf
turn B - B -
Number of particles nTn n"Tn
at extraction: Npe = 6.437~1O12
Booster efficiency — 0.98
in acceleration: Kp =Y
Efficiency of N
Booster injection: Kpj = 0.98 Np; = _be
Number of 12 ) ecy-Np;-f0 N
- SI"bi
particles at injection: Npj = 6.568 x 10 Nturng = = 0o Tini = tumB
Number of injection tums: Ny, = 285.735 Kpillinac f0,
Injection time Tinj'103 = 0.537 ms
Number of bunches: ny, := 81 Np;
) b Nbb = |bn = eSlelfOn
Bunch population N — 8100 x 100 L)
at injection: bp = S99 P = eg1"Npe'Emax framp
Beam power: Pg-10 3 _ 165.003kW
Injection beam current: |b0 =056 A
Extraction beam current: b Ky = 0.648 A
Niurn—1
. . —4 . . 4
Booster acceptance: Eaccept = 3510 cm Normalized acceptance: €accept By Ny 10 = 54.585
Booster aperture expr.es.:sec'j Bo'ﬁfo'eaccept
in 95% beam size at injection: |——— =1.847 Pmax — Pmin
€ — _ N
ny95 ; Ap_Pinj = ———— (1~ cos(mframp Tinj)) = 1-444 x 10
L — min
Momentum change during injection: -
u ge during injecti Ap_pInJ 1.444 x 10 Svg =0 Svg = g + v
0 n+1 n n
Corresponding change in the Booster correctors:
Number of correctors: Neor = 48 Transfer function for horizontal correctors: QcorH = 366 G-cm/A
L 2:7-Pnin Ap_pinj L _o250 A
cor -~ ’ cor = 2-
€conv  Ncor ®corH

Note that the maximum corrector current is 40 A.

3



0.95

0.9

0.85

0 0.8 44
0 10 20 0 0 20
t [ms] t [ms]
Accelerating phase, deg Bucket area, eV s
180 1
160
140 0.75
120
100
80 0.5
60|
Voo IMV] 0 o
! - V—_-—== &I'B
0 : : 0 0
0 10 20 0 10 20 0 10 20
t [ms] t [ms] t [ms]
Bucket height, AP/P Rms AP/P Rms bunch length, deg
0.01 21073 50
— 3
8x10 1.5><10_3 40
610 ° L 30
3 1x10
4x10 20
—4
2><10_3 5x10 10
0 0 0
0 10 20 0 10 20 0 10 20
t [ms] t [ms] t [ms]
Bunching factor Synchrotron tune Number of syncrotron periods
16
14
12 0.03 150
10
8 0.02 100
6
4 0.01 50
2
0 0 0
0 10 20 0 10 20 0 10 20
t [ms] t [ms] t [ms]
Ring Twiss parameters
M = . 3
mw - N := rows(M i=0.N-1 N = 2.946 x 10
BoosterTwiss.dat m M)
Bi= Mo BG=M g Byj=Mis  DXp=M o wxp=M; gy Wi =M1



axX.:= M. ay.:= M. Dxpi =M. Uy = UX Vy =Yy VxS 6.725 vy = 6.798

i i,4 i i,6 i.8 N-1
4><103 T T T T T T
3X103 BXi-EXO
BX; [ .
- 2«10° - [ Byieyo
Byi | BY
1x10° o Drios
0 ' ! | AN NNNNNN]
0 50 100 150 200 0 . , |
0.01s;
= - ’ i N_2 . —
= 0,50 Rhum = 1 - Noi By Byj (5j+l Sj)
dvysc = :
™ 2m(8 V(v )C [ Dx.\?
( ””) (ﬁ{””) =0 [BY; &Yy |BXexp, + (O-pnn' Xj) i BY; €Y nn
’ i N_2 . —
. rp Npi Bnn BXJ. (Sj+1 Sj)
dvxsc, .=

2 3. 2 2 :
2070 . ol . . . : : )
T (Bnn) (ﬁ{nn) j=0 \/BXJ. X, + (Gpnn ij.) L/ ij ex o+ (Gpnn ij) + /Byj eynn

Maxi H. SCt hift
aximum une shi max(évxsc) _ 0101

for Gaussian tr. distribution:

Maximum V. SC tune shift

for Gaussian tr. distribution: max(évysc) =0.201

Maximum H S.C t.ung shift 3 1~max(6u ) = 0.064 - It implies the same 100% emittance as 95% emittance
for KV tr. distribution: xSC . L
) . for the Gaussian transverse distribution
Maximum V. SC tune shift 3 1 8 = 0.067 The below picture was computed usin
for KV tr. distribution: ~max( Uysc) - P P 9

multiparticle tracking for beam
. acceleration
Space charge tune shifts

0 T T Space charge tune shifts

t'II

—0.035

OVsex
| |

-0.2
10 20 —02 I L
t [ms] ] 10 20
Cavity parameters t [ms]
Number of cavities: NeavB = 22
External Q-value: Qext = 600
2 6 6 2
6 6 f-3710 f-3710
(53 — 37)-10° (53 — 37)-10° (53 -37)- (53 - 37)
Q(f)-Qext Vo P Vacc
Ren(M) = Q-R Q) Rgp(f)i=————RQMH , 1 [ "n o
Q(f) + Qext cavB T R 7 N acc, "~
n sh( RFn) cavB n cavB
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400
44
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52

180
160
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52
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Data recieved from John Reid
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3
t. ;= 10"t
tr ntr

Second order slip factor
'I’]l = -0.041

opyp = 0.002 - rms mom. spread at transition

2:-Evy + UX2 -1

op(vx-£) =

Non-linear time

nq-(t -t
3 1(ntr+1 ntr)

TONL = (Yo, ) oPy
" 2'(PYntr+1 - ﬂ{ntr)

Power/cavity, kW

50 T T
40 Ptotal
30 1
Pbeam

20 .
10 |:)cavity

0 1 1

10 20
t [ms]

6
TpNL-10° = 13.714 pis

Beam induced RF
voltage/cavity, kV
T T




Recycler / Main Injector
Number of

slip-stacked batches: Ninjm1 = 12
Number of_other Booster 0 - 12 ER = Emax PCR = Prax T NinjM1 * Nothers
cycles in the Ml cycle: others - MI framp
Injection energy: Er =8x 109 eV
9
Top energy: Epqp = 120-10 eV _ 2 2
M pCMl = (EMI + mp) - mp
Injection Momentum: pcR = 8.889 x 109 eV
Top momentum: pepy-10- % 120935 eV
Main Injector cycle duration: Tw=12 s
Number of 13
particles at injection: NpeNinjm1 = 7-724 > 10
Recycler efficiency: Ky = 0.97
Number of " 13 N Npa-n P —eSI.NMI.EMI
- MI = Npe MinjMI ®*MmI MI =
particles at extraction: N = 7493 x 10 ) M
Beam power: Pmi-10° ®_12 MW
Longitudinal 97% emittance Cmi:=7C
of single slip-stacked bunch: €L max = 01 eVs
MI circumference: Cmp-0.01 = 3319.415 m
Transverse emittance delution
. Keq = 10%
at Booster-Recycler transfer: "€l

s =1+ rr) 1+ e emes
enyMigs = (1 + Ke1) (1 + Ke1)€nyos

4
Hor MI norm. emittance: €nxmIg5-10” = 19.36mm mrad

Vert Ml norm. emittance: ganl%.lo4 = 19.36mm mrad



Recycler c-p

N
. ] turn
Harmonic number: gR = 588 fOR = C fRF_ R = AR TOR
Momentum compaction: ap = .002508 M 1 2
MRERT T O‘R'(”fN ) -1
Slip factor: _ 8511 x 10 ° 2 Ko = trn
3 ( Nturn) N 2_4
Revolution frequency: foR-10 °=89.816 kHz ( Nturn)
RF frequency: for 107 6 _ 52812 MHz Afgip = framp b Apin = Afgip
. - slip
RF frequency difference 3 |nR| frE R
between slip-stacked trains: 2fslip = 1.68x 107 Hz 2
Rel momentum difference 3 PCR

- 7
between slip-stacked trains: Apglip = 3.738 x 10 Al = Eg + “Apglip = 3.304 < 10 €LRo = eLBU'(l * 'QLU)

m
p
Beam and RF parameters before bunch coalescing (single not-slip-stacked bunch)
3 2-v
. V0p := 140-10° V sR
RF voltage: R AP_PmaxR = m
Sinchrotron tune: VgR = 3552 x 10 3 RITR
_ VORy
RF bucket hight: AP_ppaxg = 1419 x 107 . 3 RNty
LaccepR -~
RF bucket area: €LaccepR = 0303 €V's o CUR B, N 2T M IR <]
Rms longitudinal emittance: g g = 5.504 x 10 3evs o o 2 TE Rg'C: |TIR|
eRTAR ¢ B .
a V,
Rms bunch length: o R = 30.914-deg PMI Ny Nigm SR
2-T-€ -C-V
LRo ™ "sR
Rms rel. momentum spread: opR = 3.829 x 10 ? OpR = Mo Cor By, | R| BR = y2m
(o
Bunching factor: Bg = 4.646 turn - urn PR
2.50 momentum spread: 2.5p, 'c’pR'lo_ ®_8500 MeV
turn Eyp = EX 1+k
2.50 bunch length: %R CMI 1 T N S
.50 bunch length: 5 J¥R ' 10° < 4.065ns

95% norm. hor. emittance:

95% norm. vert. emittance:

o qR BNturn.C

4
6-e.p B A .10 = 33 mm mrad
xR Nturn Nturn

~104 =33 mm mrad

EyR = eyNtum_l-(l + HEl)

e,r-10 = 0,581 mm mrad

4
Eleo =0.581 mm mrad

. . yR Nturn Nturn
Ring Twiss parameters

MR := . 4
' o i:=0.rows(MR) - 1 rows(MR) = 1.549 x 10
RecyclerTwiss.dat (MR) (MR)
§; 1= MRi,Z Bxi = MRL3 Byi = I\/IRL5 DXi = I\/IRL7 VX, 1= MRi,ll vy, = MRi,lZ ax; 1= I\/IRL4
ay; = MRi,G DXpi = MRi,S VyR = UXrows(MR)—l VYR = Uyrows(MR)—l UyR = 25429 VYR = 24.416
(7. . rows(MR)-2 s.  —s.
3 (7 Npe) BR (R BYj (541 9)
duysc R = Y
R s Vv Ve E [ng Dx.)*+ [B }
“Te : : j = SEVR’ ~Eyp + -DX.) + €
( Nturn) ( Nturn) Mi =0 YiEyR i xR (ch J) Yi€yR
(7- . rows(MR)-2 fs.  —s.
5 3 (7 Npe) BR (R B (5141~ 5))
VxSC_ R =

oY
T N R e N N T



6><103 T T T ' ' I
Bxj-e
3 XR
Bx, 4x10 — 0.6/ ;
- Byi-e
RO A
cypR'|DXi| 0.4
0 ! | | N WUMUMUMLM TAVAY
0 100 200 300 a0 _'ship o
| - At
0.01.Si 2 0.2 \ )
Maximum H. SC tune shift Uy R = 0.05 A A\ S~

. SR 0
for Gaussian tr. distribution: 0 100

200 300 400

Maximum V. SC tune shift 5"ySC R = 0.052

for Gaussian tr. distribution: - 0.01-s;

Maximum H. SC tune shift -1

for KV tr. distribution: 3 'GVXSC_R =0.017

Maximum V. SC tune shift -1

for KV tr. distribution: 3 'GVYSC_R =0.017
Beam and RF parameters after bunch coalescing

6 2-v
. VOp.:=1.2.10° V sRc
RF voltage: Rc AP_PmaxRe = m
Sinchrotron tune: Ve = 0.01 RITR
_ VORe
RF bucket hight: AP_Prayie = 4156 x 107 . 8 MpCpy RC Ny
LaccepRc = -
AP_PpaxRePeR 10~ ° = 36.939 MeV R Ntum PR ||
RF bucket area: €L accepRe = 0.886 eVs
Rms longitudinal emittance: e g = 5.504 x 10 3 evs q 2TE RgC |TIR|
g.n:= (p-
R
Rms bunch length: TR = 30.914-deg turn  “turn
2-T0-€ -C-V
LRo sR
Rms rel. momentum spread: opR = 3.829 x 1074 AR mo-Capy B ~ '|TIR| B = v2m
P Nturn  Nturn %R

Bunching factor: Br = 4.646



Main Injector

Ramp suggested for PIP-II

AT,:=(0.01 0.01 001 0.073 0.297 0.15 0.05 0.01 0.11 0.17 0.20 0.03 0.04 0.04 .Ol)T

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

Nk = rows(AT,) - 1

k:=0.Nk-1 T, =0 T =T, + AT : T =12
" i1 M Mk Npvp = 2048 ir=0.Nwj 'NK
__r — 15l — 10%i . pC.. 4 = PC;
t, = N .TrNk vti= Isplme(Tr,POr) pc,, = 10 ~|nterp(vt,Tr,POr,tir) ir:=0.. Ny -1 it = irt1 i
t. -t
. . o tinj o toxtr i+l ir
th :=0.01 teXtr = 0.605 |r1 = floo Ner—T |r2 = floo Ner—T -
r r ir, =17
Nk Nk 1
ir, = 1032
. 2
MI magnetic cycle
4x10™
> ir=0.. ir2
> 100 2x10™
© Eni = Cc 2 +m 2_ m
= mi;, = (PGir) + Mp” ~ My
= 0
S 50 E.: -10 °=7.999 GeV
£ Miiry
2 — 2x10™ .
E... -10 ~ =120 GeV
m||r2
0 — 4x10™ E .
Ml
o= 1+
A{m'ir mp
Harmonic number: o=
O = 588 L i B,
- - — __ ir .
Slip factor: oy = -00214 Ml = T— f0m|ir i
Transition gamma: Nimp = 21.617 mi . M
) fRFmiir': qmi'fomiir
RF frequency at injection: fRFmiirl'lo = 52.812MHz ' | 1
6 KmiiIr = T1miir = Omi — ”
RF frequency at extraction: fRFmiir2'10 =53.104 MHz (“fmiir)
Minimum L. bucket size ¢ gi:= 0.8 €V*s e €LBmi Bmio'“{mio
(total aria): Lmio =~ exMl = Xy (1 + Kep) (1 + Kep)
RMS L. emittance(Ax Ap): g i, = 0.042 eV*s Ir wrn™= Bpi. Ymi.
g Ir Ir
. Apglip Bmio'"fmio
Compare RMS L. emittance to - ELRO'.O_— =0.054€eVs EyMlir = EyNt _Iﬁ- 1+ Hsl)-(l + IQ€2)
PR urn-= Bmi. “Ymi;
Ir Ir
T T T 1 T T 53.2 T T T
5 fror [MHZ]
53.1 =
1001~ 0.998[~ T
pc [GeV] 53 _
E [GeV]
50 . 0.996[ 7]
52.9I T
0 1 1 | 0.994 1 1 | 52.8 1 1 |
0 0 0.4 0.6 0 0.6 0 0.2 0.4 0.6

t [s]

t [s]



MI RF Em

E.
: : mi
ir:= 0..|r2 -1
Vam- =
lir

lirs1 ir

Va,i.. = Vap. . .
. _ Miir Mlir,—1 ir:=0..ir
Oy, (tir+1 tir) 2 2 2

Vi = (1050 1050.0 1650 1650.0 800 900 1000 890 790 680 400)T-1O3

T .
tmi = (0.00 0.010 0.0200 0.050 0.085 0.1200 0.20 0.3 0.4 0.50 teyy) Vini = Pspline(tmi, Vi)
Va; VO i -Omi | Kimi
AV, = interp(Vimis tmi> Vi ) V0, = Vag; + AV, Ml Ml m'| m'ir|
ir ir ir ir ir GO0ppyj. = asin VeOmi. =
ir Opni ir 2:1My Y i
VO 1 — sin( &0, Mir P My
8 mp'CMI m|ir7m|iIr ( mlir> Vemi. = Vsomi. © 005/ ®0pm
ELtotMI; = 8 | 2mmoq |k | 5 ir ir ir
Gmi’ Pmi; pqml| mlir| <1+0.5~sin(¢0mi_))
Ir
T
AD() := 21 — 1.36698-d — 3.3/ + 0.208-¢-(E - j Adpmi = A¢(¢omi_)
Ir Ir
2 Vsomi;, ™ d0a = G0 (Ko <O + (7 — &0 i V(K >0
Ap_pp, = —'JCOS(¢0mi.)—(_—¢0mi.j'5in(¢0mi.) Ml ™ mlir( Mty ) ( m'ir)( Mt~ )
ir qmi'|nmi.| ir 2 ir ir
Ir
2-T0€] mi-C-Vermi
2'“'€Lmio'c'|nmiir| 3 Lmic ™ “smi; . < .
omi. = Ami’ '[1+“Ltr'(Kmi ZO)}Gpmiirr My Cvi Brmi. “Ymi. - [Mmi [ +"‘Ltr'< i, = )]
pmi; mp'CMl'Bmiir'ﬁfmiir'vsmiir ir p-MI'Pmi, mlir| m'ir|
B = YT i = 162 SVepi = 0 Seri = Svgmi + 0 v ot~ t
mlir'_ i tr— Sml(J T smliH—l . Smlir I’nlir Smlir(iH.]_ ir)
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
8x10° 360
<10 ° 270
0.01
4x10°° 180
-3
2><1073 %0 5x10
% 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] ts]



Rms AP/P Rms bunch length, deg Bunching factor

3x10°° 60 10
48 8
-3
2x10
36 6
10~ 3 24 4
12 2
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] t [s] t [s]

Number of syncrotron periods

150
100
50
0
0 0.2 0.4 0.6
t [s]
Ring Twiss parameters
M= g N,i= rows(M) i=0.N-1 N = 1.017 x 10*
MI_Twiss.dat
=M, Bg=Mg By;=M; g Dxp=M; 7 vx=M; gy vi= Mg,
oX. .= |’4 OLyI = M|,6 DXpI = M|,8 UXMI = UXN_l UyMI = UyN_l UXMI = 26.424 UyMI = 25.414
I I I
’ BXi'EXMloo_G
BX Byre
- f =yMl 0.4
Byi —_— 0
- o, -DXj
Po ' 02
1 1 1
0 0 1 1 1
0 50 100 150 20( 0 50 100 150 200
0.01s; 0.01-5;
rp~(14~Nbe)~Bmiir N-2 Byj'(sj+1 - sj)
ov SC = Z
i 2-m( B 2 ~ 3 C B Bx Dx 2 6)
. . . . . . P — -'5 . -'E: + . . . + _.5
(Pmiy) (i) Cnar =0 I M P M (omiy, ) N
r-(14-Npo) B N-2 (s: -
p ( be) mi Bx, (5j+1 sJ.)
dvysc. =

2 Ermn
ir Z'ﬁ'(ﬁmiir)z'(ﬁfmiirf'CM' iZo \/BXJ.EXMIir+ (Gpmiir-ij)z,L/ij.stlir+ (crpmiir.ij)z + ByjnsyMliJ



Space charge tune shifts
0 T T

—-0.02- 7

- 0.04F -

—-0.06 7]

t [s]

Second order slip factor and non-linear time

-3 -3 -3
O'letr =2-10 NiMI = 2.5-10 4x10

Non-linear time np(vap&,Wmi, ) 2103
LPTVIT AT, '
IMI ( Iyl 'tr)

2'(”fmiitru = mi,

TmiNL = (”fmiitr) ' ) “OPMItr O‘p(UXMI’g)

J

Tming-10° = 111,071 ps



Cycle time: 0.7 s at 60 GeV
1.2 s at 120 GeV

Number of Booster cycles in cycle time:
0.7-.20 = 14 at 60 GeV

1.2.20=24 at 120 GeV
Booster power for 8 GeV program:
165-14;12 = 23571 kW at 60
GeV
12
165-; =825 kW at 120 GeV
IIinac'Tinj

|

- 6.841 x 10%



2
LFD detuning: HB - 1.0(55ICC 107 6) - 315.917
5
Hz
-6 2
LB - 1.2-(Eacc4-10 j ~ 305.332
Hz















