lllenges Associated with 8 GeV H- Transport
- and Injection for Fermilab Project-X
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# SSBPGiEGt X Introduction
P

BIECEX s 2 high intensity priotonifacility conceived torsupport a world-
IEEIENEegam In-neutinoe and flaver physICS oVer the next two decades
t Ferrllal, Project s gl niecrel gelrt of il =ernrlileie) Hejzlefpplele) s
Jes SIIEANII e Eermilan Steenng Group Report *

k- _;

http://www.fnal.gov/pub/directorate/steering/index.shtml

Stripping Foil

ILCHike 8 GeV H" Linac

9mA x 1 msec = 5 Hz
360 kW @ 8 GeV Recycler
Upgradeable 2 MW @ 8 GeV 3 linac pulses/fill

8 GeV slow or fast spill
2.25 x 10" protons/14 sec Main Injector

200 ke 14 sec cycle
120 GeV fast extraction

W7 = 10" protons/L4 sec
2.3 MW

*From Project X R&D plan
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ST e eise e specifications call ferrani8iGeV. H- linac capable of running at 5 Hz
WilsgNel oul-. aNengh o 4 ms;andl anaverage: heam current of 9 mA -> leads, 1o, a lbeam
oower of 360 KW ot gf irig lifzle with 200 (WY avzlilzioleior S EaV Prysies dfeefrell.

“delivers

A rrrlrpr)dr Ilne 10 cleanly transport the H- and prepare for injection into the
RECYCIER

—'Av_e
Jl\/lor}rr offthe Recycler lattice to permit multi-turn injection and accumulation
SOVE ;multlple linac cycles.

— .,_-—-". -_
'__..— -'— =

..,—-r
_-——
.

_ 'Singl_e turn Trransfer to the Main Injector
SEXxtraction from the Recycler for an 8 GeV experimental program

" Madifications to Main Injector for high intensity acceleration
u

_ — ————
David Johnson | - ——HB#2008 —-

| Loew's Vanderbjjt Hote] ¥ /Nashville, Ternessee, USA % August'25-29, 2008 %3‘




FJE
.

\\/ith the recent ¢

Advisory Commi Liee"

current angc c-e-,rrs in. SC linac;ca:
design have arsem: IeNmpaceRiials ]
Which 'éler o)f WJH OE 5erl forplje

‘/

Lf] lmulgwor FrJJJ rlzels 2 clirec

IS
Jm o) roJJnglLum SYSIEIISY JrJJe o

==3 Jviﬂ_‘b, Jne lplleeiian cusoroar, el ring rnodifieaiors.
:-;'—:""-__;"“-:,"';—r'-_:_-_

_ . e .
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Transporinjection Design Challengesy [tk 338

 l—

BRNHENUmMber one challenge contioll and mitigation oft tncontrolled beam
B5SAEUENO:
—  Slrle artlcle |0SSIMECHaNISMS I the transpoertline:

RS

Black=body Photens

[

o Prgteclazienmant of mleeltlaieniniiarzianio)pai
SereENntz stripping! off weakly bound' electron
SRHIEStiipping| by the residualigasiin the beam pipe
— Mu 1Jif- partlcle peam loss
‘eontrolled (halo & momentum collimation)
= Un contrelled (alignment, aperture, orbit and lattice control)
°= e other AUmber one challenge are injection (foil) issues
== Uhcontrolled losses in the injection region due injected and circulating ion

e B

::.:z_: = iRteraction with the stripping foil
— — — Stripping Efficiency
— (Collection & disposal of waste beam (neutrals & H- missing foil)
— Foil Lifetime
s Engineering Design issues §
— Absorbers, ring chicane & palntlng magnets (& ps), foil changer & e-
catcher, cryo -shield, etc.

_ — ————
David Johnson | - ——HB#2008 —-
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‘Current FY08 R & D'Plan Preject X

r—
———  —

FJE
.

——

1A Project £ Hab) glelpkanzis esiziolispigel Eigedeinliizin eirle)telsRrle) tiglefs
were availagle o siculificsini i olenenteition)
dWith 2008 budget cuis resiores apd a privaie doglzition, eciiviiy o i
AN ENIESNESHINEC and CDOplannnerias (e)started.
SN IIIRENENIEE I down this road before, we can/will build upon
SIEVISDERIBIIAGIGHE e other facilities (c.f. SNS, BNL, JPARC, TRIUMPH,
LANL, eic,) zis el EEIRNAS

eat ‘ Jldetlor) sireie)rit seat Jon iric]

afisgort lifle Irter Fce i
RENRECHORIEID] b

if
oroer, Lritagreita solutions Wit trie

SE ProteRNPHVERII) okl ' t /4 Deann perarleiers,

/alUiatertErSUiPPIRNEREE lency, 05593 ] i | ] s Jm, 2ricl
palolacjiczl fezisivility of carnor) r trioo] crirlicues for
9?'% t0) 99%) stridoinie) &ffic] emr“\/ L ject

Jdefls) €orlcgpitizll Dasic)r) of trans

* Available on Pr

_ . e .
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"SBi&ck Body Stripping Project X

m—
s  —-

IENSSUE 0 potentiall photedetaciment o H- due to‘BIaE?ﬁbdy radiation was
RIEEGNENGIte, 2004: Mini-workshep on'H= transport and mjection by €. Hill and H.
Siyainenusuitiier discussed at thewoernkshop (Withipetential mitigation options).

A EIIGIRGIRMEN A PIPE EmItSilaCkody radiation With a spectrallenergy density.
SIRERTIAINIIIGLONS PEN UNIt Velume

Black Body Spectrum and H ~ Photodetachment Cross Section lWhen th|s Doppler

e — shifted spectrum of
TGV thermal photons overlaps

VAN = the photodetachment
/ \ cross section of moving
H- ions, the
photodetachment rate
becomes non-negligible.

[
wn

Eu
1
) ©
(3,1 o
T—

:
*\ i
¥
SpectraINDenslty
———
T~

|
|
1
= P
o o

T 3.0

Photodetachment cross section

20

1.0

o
wn

0.0

o
[S)

Photon Energy [eV]
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David Johnson Locres Vaaderitof e Ry Toessee USA e A 25-29, 2008 @'}J




# . ﬁkBody Stripping Project X

| g—
—— o l—

o2l cHBbIGHSION e, photodetachmentiiate;and fractional Deamibss have been
EpeRedisyAeiris Hilll(Fermilab) andl H.CBryant (UNM) and replicated by J.-P.
ScliEoNERIMPIEMEntationyn theBEan dyiianics code JIRACK

a
Loss Rate vs Beam Pipe Temperature

o | /-‘/
1.00E-06 -+ M

T - = |
1.00E-07 4 /// /‘
1.00E-08 4 / / /
1.00E-09 4 ({ M
1.00E-10 -+ _

T 7 / / ——8GeV Prj X
1.00E-11 / ——4 GeV (PS2)
1.00E-12 4 / / ——1GeV SNS
1.00E-13 1 : l ; /

100

Fractional beam loss [per meter]

200 300 400

Beam pipe Temperature [K]

David Johnson — HB32008 — Foor
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# W IGrentz Stripping Projec

el —

—
ey
.

WA\ refailyls StiG oM moeving throughfertransyverse magnetic field Is subject to a rest
IAMEIEIECIICHfIEld given by E= y(ﬁc) B.
INIEHINENNE e URGCHERNGIRIEIEI ECICHIEIdrantcanieiespessed
py, T = ( IEEXP(B/E). Theloss rate [permeter] is then I/y(BC)T  *Scherk (1978)

(AN

=310

.

>

A

coeif ents Aand B Loss rate per meter at 8 GeV
[

f election affinity*
IEparameters for A

Wicined from fitting LE12 - / 480 Gauss Dipole Field
ameterization of 1E-10 - ;
_ V_e.a
i {QT_({?,80)73 10 6 v/ LE08 ;’\ measurements reported by Keating
—  "A=3.073x10° s V/m LE-06

530G 1 N\
1.E-04
1.E-02 \‘\

LE+0Qy % 1.50 2.50 3.50 . 5.50 6.50

= "B=4.414%x10°% \V//m

Loss Rate per meter

Electric Field [MV/cm]

David Johnson - —HB%2008—-
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- Residual Gas Stripping Project X
Loss Summary - L@ &C

- e

rate [per meter] of the H- by residual gas molecules is proportional to
ecular density and the ionization cross section o d_ 20, for i molecules.

— ~ ~ 1 .5

\.J

Vels are expected to by ~ 1E-8 in transport line leading to loss rate of a

360 kw 360 kW with shield 2.1 MW with shield

— loss mechanism [m1] [w/m] [m1] [w/m] [m1] [w/m]
Black body (@300K) 8.00E-07 1.06E-01 1.90E-10 251E-05 1.90E-10 4.10E-04
Residual Gas (A150 10 torr) 1.30E-08 1.72E-03 1.30E-08 1.72E-03 1.30E-08 2.81E-02
Magnetic (500 G) 1.30E-10 1.72E-05 1.30E-10 1.72E-05 1.30E-10 2.81E-04
Total 8.13E-07 1.07E-01 1.33E-08 1.76E-03 1.33E-08 2.88E-02

David Johnson - —— HB®2008 ~—~
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iansyerse Collimation Scheme, [Z¢:1:1=9,
L

\ @

el —

-

gESHior transverse collimation: are:
ES|gn a system safely remove large amplitude halo (depend on linac current)

- 'Eo GESIGNIcNBYabIENGIINantiasserbERcapabIE Glisalely e ccepting a i Ys beamiloss
SREaEhNoll/absererassembly (Iaseline s:6rRW ultimater 20 kKWW)

SAGeUrately predict beam phase space including halo at exit of linac

Aticipate fiast transverse steeringl feedback system to keep beam position fixed at
iINBEaLeNS (iFnecessary)- SNS experience position move within macro pulse

eoIIaisoSINSE 2 step process-> foil in front of quad strips halo, quad
rleuc JSEs resultant protons which drift to a movable jaw absorber

_' L NEueR Using TRACK which tracks H-,H+,HO simultaneously through
=, _]’qple ollimation systems (see example for 1 vertical location only)

0.001 d L ! 1 0001

0.001 - L ! 0.001

1 e J
) 000 . — - : ol | el 000

-0.001 0. il -0.001

- 1 [ o

| 'l 0. - oy ' P
afte - . ofore abs
2.000 -D.DD-]E.DDD - 2.000 -2.000

o
-] & B o = o oo

I = - HB®2008 ~——~
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- Injection Losses

T
L. 2

RS SRmNER=missing| folil
1Gozl of |lesg il geie el
Jceterrniriec 9y falldirigrisions & cdagin gf irzinsyerse

JEIrst il HlO exclize stelies sidodil
“Minirnized DYy enligzigieielSsiie]q

SMuliiole ge Aering in foil

“Deief mined BYAOINICKIAIESS

JEfIS g/ Sife cje)linie) 1eliell

sehspiENoNenoitudinallemittance dilution
Jea 2 Jteraction withifoil preducing hadronic shower
=" IHEREStmates ~6=9 particles/sec

wﬁeduce parasiie s and foil thickness
.-Jsmgped electrons

__.——l_

colllerlzttien]
o anicl fallineg  outside e el ecedicince df i e

— = A 2.8E14 H=/sec contribute ~360 watts
"Circulating protons interacting with foil

m(\Vlinimize injection time, foil orientation & cross s
mSinglelarge angle Coulomb scattering

mEsiimate loss rate at 4E -4 or ~150 watts

ection, and p ainting

David Johnson —-HB®2008—-
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JE Design of Painting System
# for Recycler Injection

——

-Challenge is to cdasiejgl el gelgline Systenmspanming multiplelinac eyeleswhichs

- creates 2 Urfor) cisiiotfies]

s minirmize interaciions of clrculeting orotons with foil
- Recycler used as ap) acaugtlzior regeluires Glinele ayeles cii s sl spe =keigl|egice N o
cycle (1 s beanm ollse);
SRRl Elimsianc ol oeometiesiwillibe investigated using simulations performed with
STRUCT zanicl ORBAFE

- [ Startnjectior »mm  Stripping foi

-;._:-5:_::.»' nd Ftinjection ‘E Painting Waveforms

~ — — “=End 2¢injection ‘)'o\ L | pulse 1 (1ms) puse 2 (1ms) | [ puise 3 (1ms)
== - . ~ —V

- Engd 30 @‘ movement

—-injection™

Move off foil ‘0’ o

k 150 200 250 300 350
Foil

Closed orbit (injected beam) Injection Turns

0.8

0.6 /'
remove from foil (200 ms)/->

——— Horizontal Painting

0.4

Relative Amplitude

David Johnson - —— HB®2008 ~—~
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Foil Stripping Efficiency Project X

R —

— ——

e R

elverable to predict thereificiency. off converting B inte pretons and HP
SHiorincident 8 GeV H-iens:

eiiconveninopiENniopIvleRsendiELexciied staleshiave been
gEnERgIes tp 800 VieV [ Sunsen (69), Webher (79), Mahagheghi (91)',

) and Keating (98)]

B800I\VIeV. cross sections for H>H*,H > H% and H® > H*, by 1/B2
) t a.l N”VI A 590 (2008) 1 12] Carbon Stripping Foil Yield at 800 MeV and 8GeV

5 10 Circulanng beam -> 1 00E+00
*a: O(n>3) fliom chicane design 9.00E-01
8] hv TE(n=1,2) are sent to absorber e ' H- (800Mev :Gulley)
7.00E-01 HO (800MeV: Gulley)
= @Ebendent on Chicane 3 field)

6.00E-01 - x - H+ (800MeV: Gulley)
=il —*—HO0 (8GeV scaled)
_..—--I"' -
5.00E-01 —— H- (8GeV; scaled)
4.00E-01 . - —— H+ (8GeV:scaled)
3.00E-01 1 &/ * HO(n=1 only)
2.00E-01 ¥ ‘ A 800Mev data: Gulley

Loom.01 § e,

0.00E+00 ¥
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Relative yield

200 300 400
Carbon foil thickness [ug/cm2]
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# “Waste Beam Disposal Preject X

e  —-
— —

- -~ gl
4 Must clearhzireigs oo gt ofojig] A RONElexcited statesie INECHeN
agsoroer =
JADsorpar must nepelle poig reLiine cpel ceejclapigeogeliiiess
JRouilre L0%) ejf el
| '\rw]’& B EONI TR X number: of pulses)
Jm SnlSEEr alifradiological standards
WEN et UmEnted for hardware protection

1 WsrEXIernal (a risk analysis)

: fINTERNAL EXTRENAL

—simple optics complicate optics
no_civil civil const

$$ absorber <$ absorber

residual shielding separate enc

elevation of absorber (RR or Ml)

= Currently utilizing MARS and ANSYS to investigate absorber core
geometries and thermal capacities

David Johnson | , —-HB®2008—-
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sFoll lifetirnes era cigsoelziisie i) @ 1.5E14/3ms @ 1.5s
ternperaiure ancl in2imel el =
T e am Sizes
rmechanical siress MH——-’
heating. - :
SNIENEENEEIINTUCHI progress with the
manufaciure sl esigclofaEiaie]s
capable of witnstzgeligefineeije]
SEERe g Intensity/fast rep
rrr.'trLsT seEiEied H-Injection( c.f. SNS,

IPARG EAND

_r—"i =

_I;alcuratlons done for Proton Driver by C.J
iawiand J. Beebe-Wang (BNL)

SProject X intensity down by factor of 3
(i.e.5.6E13/1 ms pulse)

sSpot size will determine foil size and
trade-off on the number of secondary hits.

_ — ————
David Johnson | —— HB®2008 ~—~

| Loew’s Vanderhjit Hotej *fNaah‘meFfﬁ}eawe USA *: _August’25-29, 2008 @’i{




rE W ¥

# S Contributionsifrom... Preject X

R —

—

S eareiB2nt (UNM): [Black Body]. - no [MAR.
1Jean-Paul C " Deepak Raparia [PD CDR / injection]
SAEYAGHENNANSY'S — Abserber] -

\Wieren Chou : . amranyazin | Shieldng Requirements|
- Alexander O o

2 Criris =il BIack Body] =Joanne Beebe-Wang (BNL) [PD CDR
J1Steve Hays Foil /painting issues]

VeSS ARG Viagnets/Tiechnical] "J. Wei (BNL) [PD CDR]

“Jimn Lacke -

SSRNEW(BNL) [CDR/Foil issues] L
=N ke larlViekiioy [MARS] "Others....
"T"m Nichol ICrye beam shield]
= "Dt Ostroumov [TRACK]

Plus:

" Participants in Proton Driver Studies I and II (inside & outside FNAL)
" Participants in 2004 Mini-Workshop on H- Transport and Injection

" The many staff from labs and universities world wide who have
contributed to the advancement of HB beam technologles

David Johnson | —-HB®2008—-

| Loew’s Vanderhjit Hotej * wa,.h m Ter ﬁ}e:rsee USA* August’'25-29, a’ _




- Summary Project X

e l—

= [
- i

. choice of beam parametgrs (linac current, pulse length, and rep rate)
ntial upgrade paths will determine which accelerator will be used for the

oftware TRACK,STRUCT,ORBIT,MAD, OPERA, etc. exists for
ilmatlon Injection painting, waste disposal, injection losses, energy
__ _|eld maps, etc. Future modifications and optimizations are expected.

I of transport line fields, vacuum, and beam shield mitigates issues for
) e rtlcle loss.

;-'-7(_3'onfinue foil development and testing.

«Continue Investigation of Laser stripping

«Continue R&D effort to determine initial configuration

David Johnson - - ——HB#2008 —-
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Project X Design Parameters

(back up slide)

m—
1.7}: I

_u inellinac running @ 5Hz and 9mA avg. current 1ms pulse length
= .;__:.-' dellvers 5.6E13/pulse at 72 kJoules/pulse -> 2.8E14/sec for 360 kW
a:;i'.F-ﬁr neutrino program: MI cycle of 1.4 sec -> 3 linac pulses ->1.7E14 for 154
KW at 8 GeV and 2.3MW at 120 GeV (4 linac pulses left over i.e. 200 kW @ 8
-~ GeV
"Upgrade paths

—increase linac pulse length 1ms -> 3 ms

—linac average current 9 mA -> 27 mA

—linac rep rate 5 Hz, 10Hz, 15 Hz ???

_ — ————
David Johnson | - ——HB#2008 —-
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»
LY . - = ' - -
JcC J s
Req. No. Description Req. Unit Reference Requirements

4.0 |8GeV Trander Line

4.1 Injection Sripping efficiency 98B (%

4.2 Length (approx.) 1000 |meters

4.3 Maximum average activation level 20 [mrem/hr

4.4 Availability 98 |% 1.6

4.5 Momentum Aperture +/-0.8 (% 3.10

4.6 Minimum Transverse Aperture 25 |m-mm-mrad 3.13 43

4.7 Maximum Dipole Feld 0.05 |T 4.1 4.3

4.8 Transfer Hficiency 99.99 |% 4.3

4.9 Fnal Energy Variation +-0.11|% 5.10

4.10 Energy 8 GV 51

Req. No. Description Req. Unit Reference Requirements
50 Recyder
51 Energy 8 |GV
52 Sorage Bficiency 99.5 |%
53 Average Recycder Beam Qurrent 0.6 A 1.2
54 Availability 95 (% 1.6
55 Injection Rate 5 |Hz 23
5.6 Maximum Space Charge Tune Shift 0.05 5.2
57 95% normalized transverse emittance 25 [tTemm-mrad 5.6
58 r.m.s. normalized transverse emittance 13 |T-mm-mrad 5.6
59 Bunching factor 2 56
5.10 Longitudinal emittance per Bunch 0.5 |eV-Sec 5.6 512
511 Cycle Time 14 |S 6.1
512 RFFequency 53 |MHz 6.2
5.13 Abort Gap Length 700 |nS 6.3
5.14 Peak Recycler Beam Qurrent 24 |A 6.5
r . — =
0 0 - HB%2008 ——~
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. _Transport line

T
L. 2

(back up slide)
M 1RIHE 1 d““l
H'I\IHHIH \I\ O+ ST e A R 5
500 Stz Nominh IRCUIT SHHMAX?S‘.O4 04 04/08 15.41.36 = 8 Nominal CIRCUIT SETTINGS M4 'X3‘O4‘.0 23/0 /QS 15.41.36
g | £ "] p—D
5 w0 B\ / i ?/9/6
£ 400 ] |z
=t . = 41
350. celllmatlon New section , : é
500.{ | .
250, 1 00 +———A i
200. 1 1 2.
150. | f
00.] ' a J
R YUY TOTTTRTUN U o ; | — injection ~achromatic |
0.0 200.  400.  600.  800.  1000.  1200.
s (m)

sThe upstream end of the transport line remains unchanged. The new vertical bend
section moves transport line further under MI-65 (needs to be verified)

eOption IT is to change elevation of entire beam line and linac
eOption III is to move dog leg elsewhere
eSolution will be greatly influenced by civil construction issues.

' = ~—— HB®2008 —-~
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IniticMRECYCler Lattice Modlﬂcatlons | Prefect &

(back up slide)

5 LA Seen (RS 5.0 version 5.2 L0
T T

S G o Be. e T el
R Next slide
- ;! L Bx~70

By ~30

Dispersion “free”

— i | Faic
B - S TIPS Seere S 5B veradore 82 LA X 25 5
FF L% T T T T T T o

ﬂ:.f S oo ] P . B rh £ |ssue:
=-F-'_F;" = ee o ’ « use phase trombone for tune control Qy=24.134
= = ] * add distributed quads for tune control

o —

No tuning !

= —

= ),

ey

it Lm;um
T PRI

A

=

I : — HB*2008 —- 4
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" _Recycler Injection

(back up slide)

—
— e -
-

H

IFAIQE Z3 R 55
T

IS

Sy T ek SO A2 REE 15 fune ! SET WP PRIRERE
ST Swnds 5 5 wermon
T T T

= ] 1 '-Start'paint |
0.15—_ 'End

o 16 *Removal from foil

N\

T
£ 243

Gapas = 0.
Table name = TWISS

s| ayout used for Proton Driver injection into Main Injector

®150 mm offset dictated by MI geometrical constraints and missing MI
magnets

®The DC chicane could become ramped bump

' = ~—— HB®2008 —-~
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= _Injection Layout
(back up slide)

Stripping foll Thick foil HO->H*

HBC1 HBC2 HBC3 HBC4

— ] ] ]
__» B o S| [E—
Fl - -I Il ——

8.941 m 1.068 m

£ Length Strength Theta [mr] = H & V Aperture [in]
- [m] [kG]

0.7 +3.5669 +8.4211  6x2
=50 -0.4656 94211  12x2o0r3?
2.0 -5.5620 -37.5179  12x3(?)
1.0 +11.4206  +38.5179 12x3(?)

L.ayout used for Proton Driver injection into Main Injector
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- Injection Painting
(back up slide)

H- Injection Orbit s
Offset . Foil
0,,(inj)

0,4(inj)

i — D TR ™ s e
s B

Foil support
Removal Gl B, = maximum kick
N = Number turns to paint
n = turn number
P = Painting displacement
R = Removal displacement
Start Paint T = Total displacement
150 mm

Total

— " -
== 1

= gﬂ‘;mﬂm Kick, B [kG] 10.98

e —

~  =Panting'Displacement, P [mm] 10.45

Removal Displacement, R [mm] 39.54

Offset{mm] 33.05

Current scheme is anti-correlated horizontal painting and vertical steering.
Suggested by KEK and implemented into STRUCT
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