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Abstract..

1. INTRODUCTION

After more the 40 years of operationthe AGSiis dill at the heat of the Brookhaven hadron
aacelerator complex which presently consists of a200MeV Linacfor the pre-accderation d
high intensity and pdarized protons, two Tandems for the pre-acceleration d heavy ion beams,
aversatile Booster, that allows for efficient injedion d all threetypes of beamsinto the AGS
and most recently the two RHIC colli der rings that produce high luminacsity heavy ionand
polarized proton colli sions. For several years now the AGS is halding the world intensity record
with more than 7x10™ protons accéerated in asingle pulse.

We ae examining here the passble upgrades to the AGS complex that would med the
requirements for the proton beam for neutrino factory operation. Thaose requirements are
summarized in Table 1 and alayout of the upgraded AGSis shown in Figure 1. Since the present
number of protons per fill i sarealy close to the required number, the upgrade will focus on
increasing the repetition rate and onreducing bean losses to avoid excessve shielding
requirements and to maintain the machine comporents srviceable by hand. It is aso important
to maintain al the present capabiliti es of the AGS, in particular itsrole ainjedor to RHIC.

The AGS Booster was built to allow theinjedion d any spedes of heavy ioninto the AGS but
also al owed afour-fold increase of the AGS intensity sinceit is one quarter the size of the AGS
with the same gerture. However, the accumulation o four Boaoster loads in the AGS take
predoustime andisnot well suited for high average beam power operation. We ae propasing
here to bult a supercondtcting upgrade to the existing 200MeV Linac to an energy of 1.2 GeV
for dired H minusinjedioninto the AGS. Thiswill be discussed in sedion 2.The minimum
ramp timeto full energy is presently 0.5s, which will have to be upgraded to reach the required
repetitionrate of 2.5Hz. Sincethe six burches have to extraded ore bunch at atime, asis
presently dore for the operation d the g-2 experiment, a 100 ms flattop has to be included which
leavesin fact only 150ms for the ramp up o ramp down cycle. The required athree-fold
upgrade of the AGS power suppy will be described in sedion 3.Finally, theincreased ramp rate
and the final bunch compresgon requires a substantial upgrade to the AGS rf system. This will



bediscused in sedion 4.Thefina sedion describes possble upgrade paths towards a4 MW
operation.

TABLE 1. AGSproton driver parameters

Total bean power 1MW
Beam energy 24 GeV
Average beam current 42 A
Cycletime 400ms
Number of protons per fill 1x1014
Average cicrculating current 5.3A
Number of bunches per fill 6
Number of protons per burnch 1.7x 1013
Time between extraded burches 20ms
Rms burch length at extradion 3ms
Pe&k burch current 400A
Total burch area 5eVs
Rms bunch emittance 0.4eVs
Rms momentum spread 0.5%

ToRHIC

High Intensity Source

plusRFQ To Target Station
116 MeV Drift TubeLinac

(fir st sections of 200 MeV Linac)
BOOSTER

AGS
1.2GeV - 24 GeV
0.4 scycletime (25 Hz)

PA1144

400 MeV

Super conducting Linacs

0.15s" 0.1s 0.15s

Figure 1. AGS proton diver layout

The front end consists of the existing high intensity negativeion source, followed by the 750
keV RFQ, andthefirst 5 tanks of the existing room temperature Drift-Tube Linac (DTL) to
axelerate protonsto 116MeV. The SCL is made of threesedions, each with its own energy
range, and dfferent cavity<ryostat arrangement.



The frontend d the Linac is made of anion source operating with a0.25% duty cycle & the
repetition rate of 2.5Hz. The bean current within apulseis 37.5mA of negativehydrogen ions.
Theion sourcesedas onaplatform at 35 kVolt. The beam is prechopped by a dhopper located
between the ion source and the RFQ. The beam chopping extends over 65% of the bean length,
at afrequency matching the accderating rf at injedioninto the AGS. Moreover, the transmisson
efficiency through the RFQ is taken conservatively to be 80%, so that the average aurrent of the
bean pulsein the Linag where we asume no further beam loss is 25 mA.

The combination d the dhopper and of the RFQ pre-bunches the bean with a sufficiently small
longitudinal extension so that ead of the beam burnches can be aentirely fitted in the accelerating
rf buckets of the following DTL that operates at 201.25MHz. The DTL isaroom temperature
conventional Linacthat acceleratesto 116MeV.

The propased new injedor for the AGSisal.2GeV super-conaucting linac upgrade with an
average output beam power of abou 50 KWV. The injedion energy is gill | ow enough to control
bean losses due to stripping of the negative ions that are used for multi turn injedioninto the
AGS. Theduty cycleisabou 0.25%. Theinjedioninto the AGS is modeled after the SNS.
However, the repetition rate and consequently the average beam power is much lower. The larger
circumference of the AGS a so reduces the number of foil traversals. Beam losses at the injedion
into AGS are estimated to be éou 2% of cotroll ed losses and 0.2% of uncontrolled losses. This
isbased ona comparisonwith the ad¢ua experiencein the AGS Booster and the predicted losses
at the SNS using the quantity Np / (B%y* A), which is propartional to the Laslett tune shift, asa
scding fador. Thisis simmarized in Table 2. As can be seen the predicted 2% beam lossis
consistent with bah the AGS Booster experience and the SNS prediction.

TABLE 2. Comparison of H minusinjection parameters

AGS Booster SNS 1 MW AGS

Beamn power, Linac exit, KW N/A 1000 54
Kinetic Energy, MeV 200 1000 1200
Number of Protons Np, 10" 15 200 100
Verticd Acceptance A, tmm-mrad 192 480 108
0.57 6.75 9.56

Np/ (B3 A), 10?/ tmm-mrad 0.136 0.062 0.097
Total Beam Losses, % 5 0.1 2

The AGSinjedion parameter are summarized in Table 3. The result of asimulation d the 360
turninjedion processwith atwo-harmonic rf system is dhownin Figure 2 resulting in a
longitudinal emittanceof 4.2 eVsper bunch. Such asmall emittanceisimportant to limit bean
losses during transition crosgng and to all ow for effedive bunch compresson before extradion
from the AGS.

TABLE 3. AGSinjection parameter

Injectionturns 360
Repetition rate 2.5Hz
Pulse length 1.05ms

Choppng rate 0.65



Linac pe& current 25mA

Momentum spread +0.2%
Norm. 95% emittance 12 Tum
RF voltage 100 kv
Bunch length 324 s
Longitudinal emittance 4.2eVs
Momentum spread *+ 0.44%
Norm. 95% emittance 100 Tum
1 ms injection Fainted Area
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Figure2. AGSinjedion with double RF

Sincetheintensity of 1x10**is only marginally higher than the present intensity of 7x10" no
new instabiliti es are expeded duing acceleration and transition crossng. However, significant
more rf voltage per turn and rf power will be required. Thiswill be addressed in sedion 4.



2. SPERCONDUCTING LINAC

The super-condtcting linacs accel erate the proton beam from 116 MeV to 1.2GeV. The
presented configuration follows a similar design described in detail in [1]. All threelinacs are
built up from a sequence of identicd periods as snown in Figure 2. Each period is made of a
cryomodue and aroom-temperature insertion that is needed for the placement of focusing
gquadrupdes, vacuum pumps, steering magnets, beam diagnastic devices, bell ows and flanges.
The cryomodue includes 4 identicd cavities, each with 4 a 8 identicd cdls.

FIGURE 2. Configuration d the cavities within the ayo-modues (cryostats)

The chaiceof cryomodues with identicd geometry, and with the same cavity/cdl

configuration, is econamical and convenient for construction. But there is, noretheless a penalty
due to the reduced transittimefadors when a particle crosses cavity cdls, with lengths adjusted
to a ammmon central value 3y that does nat correspondto the particle’ s instantaneous vel ocity.
Thisisthe main ressonto divided the supercondtcting linacinto threesedions, each designed
aroundadifferent central value 3y , and, therefore, with dff erent cavity/cdl configurations. The
cdl lengthinasedionisfixed to be

1By
2

where| isthe rf wavelength.

The major parameters of the three sedions of the SCL are givenin Table 2. Transverse focussng
Is dore with a sequence of FODO cdls with halfiength equal to that of aperiod. The phase
advance per cdl is90 degrees. The rms normalized betatron emittanceis 0.3 tmmimrad. The
rms bunch areais 0.5 tdegreeMeV. The rf phase angle is 30 degrees.

The length o the Linac depends onthe average acelerating gradient. The locd gradient has a
maximum value that is limited by threecauses: (1) The surface field limit i s taken to be 26



MV/m. For aredistic cavity shape, we set alimit of a13MV/m onthe aia eledric field. (2)
Thereisalimit onthe power provided by rf couders that we take here not to exceed 400 RV,
including a antingency of 50% to avoid saturation eff ects. (3) To make the longitudinal motion
stable, we can only apply an energy gain per cryomoduethat isareatively smal fraction o the
bean energy in exit of the cryomodue. The condtions for stability of motion have been derived
inref. [1].

The propased mode of operationisto operate each sedion d the SCL with the same rf input
power per cryomodue. Thiswill result in some variation d the actual axial field from one
cryomodueto the next. If onerequires also a cnstant value of the aial field, this could be
obtained by adjusting locdly the value of the rf phase.

For the pulsedmode of operation d the superconducting caviti es the Lorentz forces could

deform the cavity cdls enough to detune them off resonance. This hasto be wntrolled with a
thick cavity wall and additional suppats. Also, asignificant time to fill the cavities with rf power
isrequired before the maximum gradient is reached and bean can be injected. The expeded fill
timeis $ort compared to the beam pulse length of 1 ms.

TABLE 2. Parameter s of the super-conducting linacs

Low energy Medium energy High
Beam power, Linac exit, KW 18 36 54
Kinetic Energy Range, MeV 116 ... 400 400 ... 800 800 ... 1200
Velocity Range, ¢ 0.4560...0.7131 0.7131...0.841¢ 0.8418...0.9017
Frequency, MHz 805 1610 1610
Protons/ uBunch, 1¢° 2.33 2.33 2.33
Temperature, K 2.0 2.0 2.0
Cdlls/ Cavity 4 8 8
Cavities/ Cryo-Modue 4 4 4
Cell Length,cm 9.68 6.98 8.05
Cell reference velocity, ¢ 0.520 0.750 0.865
Cavity internal diameter, cm 10 5 5
Cavity Separation,cm 32 16 16
Cold-to-Warm transition, cm 30 30 30
Accderating Gradient, MeV/m 11.9 22.0 21.5
Cavities/ Klystron 4 4 4
No. o Klystrons (or periods) 18 10 9
Klystron Power, kW 720 1920 2160
Energy Gain/ Period, MeV 16.0 42.7 48.0
Length of aperiod,m 4.2 4.4 4.7

Total length, m 75:4 43:9 42.6




3. AGSMAIN POWER SUPPLY UPGRADE

Present Mode of Operation

The present AGS Main Magnet Power Supdy (MM PS isafully programmable 6000A , 29000
V SCR power suppy. A 9-MW Maotor Generator, made by Siemens, is a part of the main magnet
power supfy of the acelerator, which all ows to puse the main magnets upto 50MW eledric
pegk power, whil e the input power of the motor generator remains constant. The maximum
power into the motor ever utilized is 7 MW, that is the maximum average power disspated in the
AGS magnets did never exceed 5MW.

The AGS ring consists of 240magnets hooked upin series. Thetotal resistanceR is0.27 oim
and the total inductanceL is0.75henry. There ae 12 super-periods, A throughL, of 20 magnets
ead, dvided in two identicd sets of 10 magnets per super-period.

Two stations of power supdies are each cgpable of delivering upto 4500/ and 6000A. The two
stations are wnrected in series and the magnet coil s are aranged to have atota resistance R/2
and atotal inductance of L/2. The groundng of the power supdy isdore only in ore place, in
the middle of station 1a 2 through aresistive network. With this groundng configuration, the
maximum voltage to groundin the magnets will not exceal 2500V olt. The magnets are hi-
potted to 3000V olt to ground, pior of each starting o the AGS MM PSafter long maintenance
periods.

Tocyclethe AGSringto 24GeV at 2.5 puses per secondand with ramp time of 150msthe
magnet pe&k current is 4300Amp and the pe&k voltageis 25 KV. Figure 3 dsplays the magnet
current, voltage of a2.5-Hz cycle. The cycle includes a 100ms flat-top for the six single-burnch
extradions. The total average power disspated in the AGS magnets has been estimated to be 3.7
MW. To limit the AGS coil voltageto groundto 2.5 R/ the AGS magnets will need to be
divided into threeidenticd sedions, each pavered similarly to the present whole AGS except
that now the magnet loadsis 1/6 of the total resistance and inductance Every sectionwill haveto
be powered separately with its own feed to the ring magnets and an identicd system of power
suppies, as sown in Figure 4.

Figure of AGS mmps cycle
FIGURE 3. Current and voltage g/cle for 2.5 Hz operation. Also shown are the AGS dipadle field and average power.

Although the average power is nat higher than now the pe&k power required is approximately
100MW excealing the 50 MW rating of the existing motor generator. The new motor-generator
shoud aso operate with 6 a 12 phasesto limit or even eliminate phase-shifting transformers
that every power suppy system generates 24 puses. The generator voltage will haveto be
around 30 K line-to-line. In this case the generator current is approximately equal to the magnet
current asit is presently the cae. Also, the generator neadsto be rated at a dlip frequency of 2.5
Hz.

Figure of power supply connedion to AGS magnets
FIGURE 4. Schematic of power suppy conredions to the AGS magnets for the 2.5 Hz operation



Running the AGS at 2.5Hz requires that the accderation ramp period decreases from 0.5sec
downto 0.15sec That is, the magnet current variation di/dt is abou 3.3timeslarger than the
present rate. Eddy-current losses on the vaauum chamber are propartional to the square of di/dt,
that is 10times larger. However, this gill significantly small er than the present ramp rate of the
AGS Booster and daes nat require active adling. Also, the increased eddy-currents will i ncrease
the sextupde fields during the ramp and will add about 20 urits of chromaticity. The present
chromaticity sextupdes will probably have to upgraded to corred this.

4. AGSRF SYSTEM UPGRADE

5. UPGRADE TO 4 MW

An upgadeto 4MW bean power is possble by increasing the linac energy to 1.5GeV, which
alows for douling the number of protons per pulseto 2x10", and upgrading the AGS repetition
rateto 5Hz. To achieve the required burch length compresgon a separate “compresor ring’

will be needed.

Compressor ring parameter

Circumference 200 m
Bending field 4.15 Teda
Kinetic energy 24 GeV
Transition gamma 38.4
eta -0.00074
Betatron tune, x/y 14.89.2
Maximum beta function, Xy 12.919.8 m
Dispersion function 0.12 m
Chamber radius 25 mm
Maximum bean radius, x/y 7.008.6 mm
Acceptance, x/y 48.5931.6 TIUm
Beam emittance, x/y 3.83.8 UM
Accp/emit. ratio, x/y 12.88.3
Natural chromaticity, x/y -2.5-1.7 (norm)

*  Operated below transition.

* Very smal dlippage fador, quasi-isochronouws ring.

* Very smal dispersion.

» Acceptanceemittanceratio > 8, with the mnsideration d extremely tight beam losslimit.
» Chromaticity needsto be mrreded.

RF parameter

RF frequency 5.94 MHz
Harmonic number 4




RF Voltage 200 KV

Bucket height, in dp/p +42 %
Bucket area 222 eVs
Bunch area 10 eVs
Synchrotron frequency, center 91.5 Hz
Synchrotron frequency, edge 82.6 Hz

e Bunchisinjeded from the AGS, urmatched. It is extraded immediately after abunch

rotation.

* Verylow RF voltage required, because of the very small slippage. For the same bucket

height, RF voltage in the AGS neadsto be 5.3MV.
e Bunchrotationtakes a quarter of synchrotron period,i.e. 3ms, or 4500turns.

L ongitudinal aspect

Inj. Ext.

Particle per bunch 0.17 0.17 10"

Bunch rms length 5/17 0.93 m/ns
Pe&k current 65 363 A
Beam momentum spread +04 +224 %

Longitudinal emittance 10.5 10.5 eVs
Broadband impedance 5 5 ] Q
Long. space targeimp. -1.66 -1.66 j Q
Keil-Schnell threshold 3.75 25.5 Q
Effedive RF voltage 200 248 KV

Longitudinal microwave instabili ty threshold islow at the injection, because of the small
slippage fador and low dp/p.

Bellows will nat be shielded, in order to avoid finger contad arcing, but the chamber steps
will be tapered. Broadband impedanceof j 5 Q is reasonable to achieve.

Combination d the broadband and space targe impedanceisj3.34Q, dlightly lower than
the K-S threshald. Sinceit is below the transition, beam instabili ty is not expeded.

The overal i nductive impedance bel ow the transition has afocusing eff ect, which is s1own
asthe increase of the dfedive RF voltage in the burch rotation.

Transver se aspect
Inj. Ext.
Broadband impedance 0.51 0.51 iMQ/m
BB imp. induced tune shift 0.0003 0.0017
Space targe inc. tune spread 0.003 0.016




Chromatic tune spread, & = 2 0.22 1.32

Chromatic frequency, & = 2 594 59.4 GHz

e Transverse impedanceislow for compressor ring, ZT 0R.

e Strong focusing also helps for lesstune shift.

e Comparing to the AGS, the beam is transversely more stable. Thisisjust oppasite to the
longitudinal instabili ty.

e Space harge incoherent tune spread is small.

e Butif the dromaticity is not correded, the chromatic tune spread is large.

» Chromatic frequency is very large, because of the small slippage fador, the high revolution
frequency, and the high tune.

e Normalized chromaticity may need to be antrolled within the range of 1%.

Conclusion

e Thescheme of 1 MW proton diver isfeasible.

e AGSbean intensity is modestly higher than the normal high intensity proton ogeration.
Sincethe propaosed beam emittanceis larger, the beam instabili ty is not expeded to be a
problem.

* Bean losslimit istight at the AGS, which may require some upgrade.

e Compressor ring design requires very low RF voltage. Also the potential well effed helps for
the short burnch production.

* Required impedance is reasonable to achieve.

» Acceptanceemittanceratio of 8 is much larger than the existing and proposed high intensity
proton accel erators. Together with the large momentum aperture, the beam losscan be
controll ed.

e Chromaticity control at the compressor ring is tight, and may need some study.
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