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Why

» After a review of all systems of proton source in 2009, the
Cockcroft-Walton was determined to be a liability.

- |- column failed in early 2009. Repairs took nearly 1 year.

- Retirement of critical personnel (end of 2008). Lost 82 years of
experience.

- C-W is aging, total down time is 300 hours over 9 years. Downtime
dominated by C-W.
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An Old Idea — RFQ Injector

 FNAL has considered using RFQ's

- Late 1980's

« BNL and FNAL worked with LBNL on an RFQ
design

e 200MHz built for BNL but FNAL cancelled
order.

 BNL has successfully operated an RFQ injector
since the 1980s.

- There has been other RFQ injector proposals
but no engineering plans.



The New Injector ( nearly the same as BNL)

FNAL

2 x 35 keV H- (round type)
magnetron sources on a
slide.

Short LEBT (~118 cm)

- 2 solenoids for
focusing

- Xe gas for
neutralization

- Einzel lens chopper
RFQ (201.25 MHz) 1.2 m long
Short MEBT (1 m)

- 2 sets of doublets
- 1 BNL style buncher

BNL (2009 line)

1 x 35 keV (round type)
magnetron source.

LEBT (~4 m)
- 2 x solenoids

- Xe gas for
neutralization

- 1 Einzel lens
- 1 electrostatic chopper.
RFQ (201.25 MHz) 1.5 m long

Short MEBT (0.73 m)

- 1 set triplets
= 1 buncher



2nd visit to BNL

Concept of project seriously discussed Injector concept proposed at PAC2009

1st RFQ design

Sep-08 Oct-08

Nov-08 Dec-08

Jan-09 Feb-09 Mar-09

Apr-09 un-09 Jul-09 Aug-09 Sep-09 Oct-09 Nov-0¢

LEBT Y concept simulated Briefed AD Division Head

1st visit to BNL PARMILA simulatlions to end of Tank 1

Einzel lens design started

First 35 keV H- beam in test stand
First inaugural RFQ meeting

MEBT doublet design
3rd visit to BNL

LEBT slide concept simulated

19 Dec-0 Jan-10 Feb-10 Mar-10 Apr-10

May-10 Jun-10 Jul-10 Aug-10 Sep-10 Oct-10
RFQ PA received

Nov-1 Dec-10 Jan-11
Solenoid design started

Buncher ordered

RFQ ordered

Einzel chopper test successful
Einzel lens chopper concept simulated

MEBT quads design started

M Einzel lens received M Buncher bead pull complete

Quad manufacture error!

Solenoids received RFQ tuner received

Mar-11 Apr-11 May Jun-11

Jul-11

Oct-11 Nov-11

Dec-11
Buncher received LEBT test stand complete

Injector review
RFQ received
M RFQ inspected in Germany




The H- Injector







H- Source

 BNL style round (dimpled) magnetron source

- BNL has had very good experience with this
type of source. Very reliable.

- FNAL has a lot of experience with slit type
magnetron sources. Easier transition.

- FNAL can use the same hardware to work on
the dimpled source.

* Even though it was a modification, it still took
more than a year to get BNL type H-
currents (~ 90 mA)
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The H- source




The LEBT

20.000

46.55"




Beam at NEL1=1

(con'td)

Beam at NEL2=5

« BNL source
emittance
numbers

 RFQ input

numbers from

manufacturer

e Assume beam is

neutralized.

I=0.0ma Q-=-1
H A=-0.36000 B= 1.81000E-02 W=10.035 to 0.035 MeV H A= 1.5001 B= 5.10042E-02
FREQ = 201.24 MHz WL = 1489.73 mm
EMITI = 176.0 176.0
EMITO = 176.0 176.0
Nl=1 N2=5
PRINTOUT VALUE
PP PE VALUE
1 2 2694.34
1 4 2658.84
MATCHING TYPE = 5
DESIRED VALUES (BEAMF)
Algha Beta
X 1.5000  0.0510
y 1.5000  0.0510
MATCH VARIABLES (NC=2)
s
10.000 X 150.000 mrad . 10.000 X 200.000 nrad
m mra 1 4 265834 m nea
V 2=-0.36000 B= 1.81000E-02 V A= 1.5001 B= 5.10042E-02
Trace 2-D 2006.02 1-12-2006
r\ FILE: fnal lebt2.t2d 3
/1 DATE: 01/17/2011 (
wl TIME: 09:18:14 \
[ ]
]
[ |
| T
\ /
||/ )
\ / -
e
10.000 mm X 150.000 mrad 10.000 nm X 200.000 mrad
NPI=1 NP2=5
50.00 mm (Horiz) «
— SOL SOL
[™Ses ] 2 3 4 5
50.00 mm (Vert) Length= 1191.26mm

Edge of
beam

pipe




Demonstration of neutralization

Run I i : i Trig'd
b €}
’ ' [ 06 15.96us 2.00mv N2 used.
O 2.640ps 67 2my
| ATB.60US AG74MY
e il : Good vacuum 1e-6 torr.
Bad pressure Bad vacuum 1e-4 torr.
'/ Note: pressure gauge
Lﬂ | quite far from beam in
N test stand.
. UL L ”"EW& Mﬂmh ____________ i

Good

pressure
Faraday cup
““measurement i
@ .00V [3 ) ' i)
G 100mv 20.0us ]
Value Mean Min Max Std Dev [20-01-'? _ 50 0MS/s J[ Aux S U,OOVJ
& Amplitude  »35.56mV A Clipping negative W >18.9600us '“k points

Recall

Screen Imagel Waveform waveform

10 Dac 2010
15:10:54
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Chopper

* Einzel lens will function as chopper

- Suggested by D. Raparia

- Lens placed close to the entrance of the RFQ

» Keeps de-neutralization region small

 Beam is already tightly focused here by the
solenoid and so neutralization is probably at a
minimum at this location.

* Einzel lens as chopper has been
demonstrated to work but
neutralization+chopper is not. Will be part of
testing regimen.



Einzel lens as chopper

Simulation using SIMION
Optimized lens
« 2" long

1.75" diameter

-37 kV to stop 35keV beam.

Einzel Lens On at -38kV

Einzel Lens Off



.

Einzel lens as built

[114.30] [101.60]

@4 .000
$2.125 [101.60]
55,981 _ $3.810
[96.77]
R.188 N 310
[4.76]\ [7.87]
il H057, :590: Nl @.500
D15 A e* [1.45] [14.99] [1:2. 701
[F521] H #1.750 I R.250
[44.451 | 2, 1 { [6.35]
R.125" 4 | I} i
1.250 [3.18] NN o
iple 8L s b T [38.10]
[6.35] R
@1.750 -
[44 457 R.125 [3.18]
- 4.500 [3.18]
50 kV

6" CONFLAT FLANGE
12 BELLOWS MEMBRANES

Designed by A. Makarov
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—35kV
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To RFQ

Einzel Lens OFF

v
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To RFQ

—-35kV
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Chopper timings

Einzel lens is on for ~40us
to deflect beam which
until neutralization has taken

place

Pulser and Einzel lens off
for ~60us

Einzel lens is turned on
again to stop the H— beam

Arc Current

Extractor

Voltage

Einze
Voltage

H- Beam

Current

|-37kV

OmA




Einzel lens test

Run I — ] Rui = Trig'd
u u fa] )
[ ;{_‘r 20,005 —300uV
o E.Cup: = | " o o
‘D i N TRl s . . . TR TR T e T e
| =15mAl | =20A
H- MA| (mfmw, Fimpnis it
Chopper letting | RS .
e beam through | .~ T
- l 10mA [T =
i | P "5A—l
Toroid ~5m |
Eﬁ i s ] . N —————
C 5.00V &) 10.0mvV & 2 %ﬂgusgguups J ?gKOII;MOSIﬁIS J[ el O-OOV} 1_ e e @ 5.00mv £ 200;:«. ! '.lzlﬂ-'[.:‘:-ll;fmuu ][?gkﬂzﬁﬁs ” Aux F 259n1\-‘|

Save Save Save Recall Recall Ass@t’; P NBE2 00
Screen Image| waveform Setup waveform Setup AT 14:56:40

Note there is scraping and neutralization effects at the beginning of the pulse in the

test stand.
This is a different Einzel lens than the one that we will be using.

This Einzel lens is 2" in diameter and 2.5 long.

Note: injector lens is 1.75” diameter and 2” long.
H" L
N
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Einzel lens test (cont'd)

Run = 0 4 ——"——+——————w— @ Trigd
. . . . aD . . . TS
........................ N ‘ 06 i?%%ﬁn% i%%% Rise time on Faraday
el | | | | 55 | | ;' ~ | cup is better than 50ns.
R | Consistent with thyratron
! | | | | | turn on of 35 ns.
T o | Ringing from finite bw of

Faraday cup.

(_ S.00V . 200mv . T00V ] T00ns 25003/5 S 0.00V
I->V—1 ??840}15 10k points

Save Save Save Recall Recall ':':Vi'gtg File 54 Nov 2010
Screen Imagef| waveform setup waveform setup Setu Utilities 15:26:21
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DTI| Switches

Switch module assemblies. Example: 45 SWwitch modules. Thee are rated
kV, 30 A unit 5-10kV, 10 - 50 A.

Two 50kV/50A, 15Hz switches have been ordered. Delivery expected
in 1% week of November.



Push-pull pulser circuit




RFQ

Parameter Value Units
Input energy 35 keV
Output energy 750 keV
Frequency 201.25 MHz
Number of cells 102
Length 120 cm
Minimum radial aperture 0.3 cm
Maximum peak surface field 25.18 MV/m
Peak cavity powertbeam power < 100 kW
Duty factor (80 ps, 15 Hz) 0.12 %
Design current 60 mA
Modulation m 1=m=1.95
Intervane voltage 72 kV
Transmission efficiency > 98 %

Designed by A.
Schempp.

Tuned by J. Schmidt
and B. Koubek.

Rod type RFQ.



Low power measurements
have started. Resonant
frequency is too high. J.
Schmidt will be here next
week to retune.




PARMTEQM simulations

Transmission efficiency >
99% for 60mA beam.
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FNAL, H-, 201.250MHz,i= 60.0mA
.200 .200

.100 .100
B 0.
Twiss X ¥ < I
Parameter |'yi ufacturer| FNAL | Manufacturer| FNAL | Manufacturer|  FNAL m o100 -.100
Illp‘llt o 1.5 - 1.5 - - - ~.200 Xp vs. X -.200LYp vs. Y
-.500 -.250 0. .250 I)ri ~.500 -.250 0. .250 .500
500 RFQ entrance "cell u 0 Plot 1 %z = 0.32148574 ngood= 10000
Input B 5.1 emy/rad - 5.1 em/rad - - - : :
Input € (1X 0.30 0.30 .250 .025
rms) T mm mrad - T mm mrad - - -
norm. norm. 0. 0.
Output —0.18 —0.039 0.07 —0.0813 0.21 0.25 l ~.250 025
Output B 12.5 cow/rad | 12.7 ecm/rad | 5.5 em/rad | 5.6 cm/rad | 1170 MeV | 1110 MeV _.500 | v8. X 050 | E-Es vs. Hhi-phav
-.500 -.250 0. .250 —lEOE. 3 —0983_2 s 0. _ 90.0 180.0
Output € 0.37 0.38 0.35 0.36 0.14 0.14 FNAL, H-, 201.250MHz,i= 60.0mA =T e ’
(1 rms) 200 .200
™ mm mrad | T mm mrad | w mm mrad | ™ mm mrad | ™ MeV deg | Tt MeV deg
norm. norm. norm. norm. unnorm. unnorm.
100 100
0. 0.
-.100 -.100
-.200 %0 vs- X _ 00| Yo vs. ¥
-.500  -.250 0. -250 4500 -.250 0. 250 500
500 RFQ fringe cell 1 Qtput Plot 102 Z = 119.99118 ngogd= 9967
.250 .025
0. 0.
% -.250 -.025
-
_.500 Y Vs X _.050| E-Es vs. Phi-Phis ot
-.500  -.250 0. -250 7500 -180.0  -90.0 0 950.0 180.

Es = 0.750 Phs =  65.000



MEBT

1.5000

—+1.2300

Buncher Ecge of

Wire Scanner

Quad Ruad

34" long quod

- B
B
B

9.0000

37.2686

Doublet — Buncher — Doublet (30 cm longer compared to BNL
MEBT)



BEAM AT NELl=

1

3.89000E-02

H A=-
V A=-8.13000E-02| B

B= 0.12700
= 5.57000E-02

5.000 mm X 100.000 mrad
7 A= 0.21000 B= 1.1100
180.000 Deg X 75.00 kev

P1= 1

MEBT simulations

I= 0.0mA
W= 0.7500 0.7500 MeV
FREQ= 201.25MHz _ WL=1489.65mn
EMITI= 56.850 53.400 840.00
EMITO= 61.097 54.190 946.88
Nl= 1 N2= 22
PRINTOUT VALUES
PP PE VALUE
1 2 10.16000
1 4 10.16000
1 6 10.16000
1 10 0.03844

MATCHING TYPE = 9
DESIRED_VALUES (BEAMF)
alpha
x  -1.5174
y 4.9069 ‘
z 0.3967  2.0376
MATCH VARTABLES 1NLC=5)

CODE: Trace 3-D v69ly
FILE: fnal doublets3a.t3d
DATE: 02/0T/2011

TIME: 11:23:39

BEAM AT NEL2= 22
H A= -1.0599 B= 0.20554
V A= 8.1859 B= 0.98186
~
oS
R /—)
] W
N ot
10.000 mm X 100.000 mrad

Z A= 0.43111

180.000 Deg X

75.00 kev

NP2=_ 32

20.00 mm (Horiz)
4,00 mm (Centroid)

90.0 Deg (Long.)

-4,00 mm (Centroid)
20.00 mm (Vert)

o I to 1 g g o il o |y — lololafolole [o]
—1 2 s llasls 1 's 9 w0 o112 w3 'ju 15[ e17is 190 21 2223785617 18031}
N ) - ™ B
\ Jo gt — /

Length=

Note: Lattice of DTL not well
understood! Using “as found” DTL
lattice from M. Popovic.

PARMILA shows 95.1% of the beam
is captured at the end of DTL 1.

Note: Quads are very strong

Trace3D Element Element Gradient (T/m) | Integrated Field Comments
u D (T)
3 Quadrupole -359 -2.0
Doublet A
7 Quadrupole 30.6 1.7
15 Quadrupole -22.9 -1.3
Doublet B
19 Quadrupole 21.7 1.2
Gap Voltage (kV)
15.17 Buncher 384kV Value is EoTL.
Buncher has two
gaps.
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.100 .100

m 0. 0.
m o100 -.100
~ 20 =60 0. 20pd 293
2.000 Structure 1, Drift, elefe ‘]foré HQ "
1.000 .200

2 0. 0.
& -1.000 -.200
2000 o000 1000 Z.000 " ¢

.200 .200
.100 .100
e
Il 0. 0.
m -0 -.100
20 Jghvs'i 000 0 v TP Y}VS'i 000 1.000
2 000. Structure 1, Drift., ele er Un@rﬁe‘ﬁ ) néood= 9941"
1.000 .200
0. ey s
-.200
-2.000 Y vs. X -.400 E-Es vs. H
-2.000 -1.000 0. 1.000  2.000 " -180.0 90.0 180.0

Transport using Schempp data

Yp vs. Y

&e—t.OOOZ

1.000 2.000
ngood=_ 9967

Transport using Schempp data

-Es vs. Bhi-Phav

. -90.0 0.
s = 0.750 Phav =  60.147

90.0 180.0

-90.0 0.
s = 0.750 Phav = 60.101

2.000

.100

1.000

|
B -1.000

-2.000

-2.000

.200

.100

B o100

-.200

-2.

2.000

1.000

Transport using Schempp data

.000 0.
Structure 1, Drift

FNALasBuilt DTL#1 57mA, by M.Popovic

00 0
Structure 2, DTL c

.200

.100

-.100

.200

-.200
-.400
2.000 -18

.200

.100

-.100

-.200

.200

-.200

-.400
2.000 -18

C% 1;1.000 0. 1.000 2.
ot p1 Z = 94.302 ngood= 9834

hi-Phav

-90.0 0.
= 0.750 Phav = 59.768

90.0

(Rg 1—1.000 0. 1.00 .
ot |78 Z = 838.63857 ngood= 9481

=2
7]

hi-Phis

o

=S| m

-90.0 0.
10.378 Phs = -32.000

90.0



Buncher

Parameter

Resonant frequency

201.25

Resonant type

¥ wave length

Unloaded QO

= 4000

Min. bore id

32

Max. cavity length

200

Dist. between voltage centers

892

Max_ input RF power®

kw

Gap length

10

Induced total gap voltage

> 60

kv

Same as BNL (except FNAL buncher is
made of copper while BNL buncher is
made of aluminium) Designed by M.
Okamura.

Must have grids to get transit time
factor correct.

Low power test with and without grids
are complete at FNAL.

Conditioning to be done soon.



Quad doublets with embedded
dipole correctors

Quadrupole runs DC and water

il Iron core.
Ty s Has embedded corrector
| ] Sy Ol dipoles.
* 78
& i ) BT Overall length of doublet is 77,
7 || | = 1.5” beam pipe.
Fr =
i} 5 € e |
il *
T Em i
I
R, A Tests show that these quads have a large
e dodecapole component that can blow up

transverse emittanace ~15% but we only
lose about ~1% of the beam at the end of
Tank 1 with no change in transverse
emittance.



F

Quads being assembled




Performance Goals

Y GXPB 7 Injecior Curmrent

[T Wed L7P-JUHM-238% 11ra0:a2
50
1
L:RHTORS
~FRPEIU mH
LiTO11H
SBrklu i 52,5
52.5 i
5.5 I i q‘
LeTORIN W .! \n'.lh
“Rrklu  mA I p*
[ - \ '_.
n :-_fl Mﬁ
45
45 .
45 1 )
0 P ol
37.5 ~myr
ERLN | B H e 1
P Hs - rh N | .F! . g
'End ML 11, §
28 i : : k l
3n - - .Ta
28 13 Fr B4 Mo £3 Th 16 5u B We 5 Za EL Tu 12 Fr

Tl = Fr 12-JUH-28BE 22:11:1¢

T2 = Fr 12-JUH-28a2 22:=11:1¢

Location Current® (mA) % Transmission from Comments
previous location
Output of H- source 435 - Source can operate up
to 100mA. See ref. [2].
End of LEBT before 40 92 See section 4.2.1.
RFQ
End of RFQ 395 99 See section 4.3.
End of DTL 1 375 955 See section 44
Location Current (mA) | €; (norm., 1o, | €, (norm., 1o, Comments
T-mm-mrad )| T-mm-mrad)
Start of DTL 1 46 0.86 091 Taken on 3 Jun 2009

At minimum, must perform as well as
present system.




Status

 Beam soon!
- Heaters are on. Takes about 6 hours to get H-.
 RFQ to be retuned.

- Once this is done, pump down and RF
conditioning.



Conclusion
* Nothing in the design is “cutting edge”
- Not pushing any envelopes.

- 01 Sep review “Overall, the project seems to
be well thought out and conservative.
There's every reason to believe it will
succeed.”

- Copying as much as possible the BNL injector
has helped a lot!

* There will be a lot of work in the coming
months to validate the design in the test set
up. We will not install if it doesn't meet
emittance and bunching criterion.



Test Stand

Einzel lens is 27 in
AN % diameter and 2.5"
Lz | long.
(T~ . :
T ] e Note: injector lens is
o] 1.75” diameter and 2”
e long.
\_-___ = ngegﬂhgnetmnTesl




Solenoids

Solenoids run DC.
a 7 s i Water cooled.
. ' Settings ~500A.
-1t - =
- Designed by A. Makarov and V.
-T / Kashikhin.
5

{ 8,300 )
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