
Proton Driv er Design Study Rep ort

Chapter 3: Optics

A.Drozhdin, A.Garren, N.Gelfand,
C.Johnstone, L.Mic helotti , S.Ohn uma, G.Rees, D.Ritson

1



Constrain ts

Designof the PD2 lattice wasconstrainedandin
uencedby a
number of criteria, rangingfrom requirements to desiderata.These
included:

� Length:474.2m

� Minimum spacing:quad-quad:47cm;dipole-quad:85cm

� RF: 7.05m of spacerequiredfor threecavities

� Superperiodicity: 2 or 3

� Horizontal phaseadvance/ arc= N � 2�

� Bused:all dipoles,sameB; all quads,samejB ′j

� Peak�elds: dipoles:1.5T, quadrupoles:10T/m

� Avoid transition: with maxK E = 8 GeV,
 t > 9:5

� Physicalaperture: jxj < 3 in andjyj < 2 in

� Dynamicaperture: > 3 � 40� mm-mrfor j� p=pj � 0:01

� Injection: � x � � y � 10m at strippingfoil

� Collimation: large� andD at primary collimators;�  > 180◦

� Time: Finishby April!
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Arc Mo dule

The arcmoduleis the keystoneof the PD2 design.Each arc
comprises5 modulesof 3 cells.The phaseadvanceacrossa module
is (�  x; �  y)jmodule = (8� =5; 6� =5) which makesthe averagephase
advanceper cell (�  x; �  y)jcell = (8� =15; 2� =5) = (96◦; 72◦):
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Total phaseadvanceacrossan arc is (�  x; �  y)jarc = (8� ; 6� ); it
is, to �rst order,optically transparent. Thus,the arcswill preserve
lattice functions,includingzerodispersion,acrossthe straights.

The two outercellsof an arcmodulecontain a largedipole
(5.646m, 16.2◦ bend)andthe innercella smallone(1.188m, 3.4◦

bend). Their lengthswerechosensoasto createa �rst order
achromaticbend,thuszeroingthe dispersionbetweenmodules.

Four chromaticity correctingsextupolesareplacedin each arc
module,replacingthe four trim quadrupolesclosestto the short
dipole. It may be possibleto build a correctionpackageconsisting
of quadrupoleandsextupole.
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Straigh t section cells

The sevencellsin each straight sectiondo not contain dipoles,and
the absenceof edgefocusingdistortsthe lattice functions(esp.,� y)
slightly.
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Lattice functionsfor a singlestraight sectioncell,treatedasa
periodic unit, areshown above. Its phaseadvanceis
( �  x; �  y )jcell = ( 8� =15; 0:96� (2� =5)): In fact, theseare its
lattice functionsin the basecon�guration,becauseof the arcs'
optical transparency.
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Complete Lattice Functions

Thecompletelattice functionsfor half of the racetrack, with onearc
joinedto onestraight section,areshown below. The verticalbeta
wave is causedby edgefocusingin the dipoles,or, alternatively, its
absencein the straight sectioncells.The arcs'optical transparency
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con�nesthe wave; it doesnot propagateinto the straight sections.

Attribute Value

 t 13.8
max(� x; � y) [m] ( 15.1,20.3)
maxD [m] 2.5
(� x; � y) ( 11.747,8.684)
(� x; � y)natural ( -13.6,-11.9)

At injection,assuming� inv = 40� mm-mr,jxj < 5 cm,divided
equallybetweendispersionandtransverseemittance,and
jyj < 2:2 cm.
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Base and Tuned Con�gurations

The actualtunesassociatedwith the basecon�gurationareshifted
from (11:73; 8:80) to (11:747; 8:684): That point is shown asa dark
circlebelow. Familiesof trim quadrupolesin the straight section
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wereusedto move the tunesto (11:880; 8:850); without breaking
superperiodicity.

Spacechargewill reducethe tunesof particlesin the coreof the
beamby an amount that will dependon painting. Protons
undergoinglargeamplitudeoscillationswill be lessa�ectedby
spacecharge,but their tuneswill increase(slightly) dueto the
presenceof chromaticity correctingsextupoles(andoctupole�elds).
The combinede�ectswill spreadthe tunesaway from the displayed
points in oppositedirections.As the beam'senergyincreases,the
distributionwill collapseinto the workingpoint. Spacecharge
forceswill decrease,asv=c! 1; shrinkingthe distribution from
below, andthe sextupole/octupoletunespreadwill decrease,as
emittancesbecomesmaller,shrinkingthe distribution from above.
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Sextup ole tune footprin t

The sextupolesusedto zerochromaticity will producean amplitude
dependent tuneshift proportional to the squareof their excitation.
Secondorderperturbationtheorypredicts,for the PD2 base
con�guration,

� � x = 0:120� x=� + 0:114� y=�

� � y = 0:114� x=� + 0:230� y=� ;

where� � is givenin units of 10−3 and� is in mm-mr.1 For the
tunedcon�guration,the coe�cients aresomewhatlarger.

� � x = 0:126� x=� + 0:397� y=�

� � y = 0:397� x=� + 0:384� y=�

The upper limit on transverseemittanceis � inv � 40� mm-mr,so
that

�=� =
� inv=�

� 

�

40
9:47

= 4:22 mm-mr at extraction

�
40

1:30
= 30:8 mm-mr at injection:

Evenat injectioninto the tunedcon�guration,the vertical tune
spreadresultingfrom sextupoleexcitationwill only be about 0.02.
This caneasilybe overshadowedby spacecharge,which will lower
the tunesof protonsin the core.
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1This is written using \emittance" notation, � , but, since we are dealing with a single particle, � is more prop erly interpreted
as an action (or amplitude) coordinate, I , according to �=� = 2I :
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Chromatic Prop erties

The chromaticities,� x; � y; areplottedbelow for the extendedrange
j� p=pj � 0:02: � y is nearly
at for negative � p=p;with a variation
of lessthan 0.5over the entire range.On the otherhand,� x
increasesmonotonically, only slightly fasterthan linearly, by more
than 2.5. The correspondingplot of 
 t vs. � p=pis the almost
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exponential lookingcurve displayedon the right. All valuesare
largerthan required.

Maximaof � x, � y, andD areplottedbelow asa functionof � p=p:
The variationof � y,max andDmax aremonotonic,while that of
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� x,max goesthrougha minimum near� p=p= 0: As in the previous
�gures, thereis much morevariationfor positive than negative
� p=p:Estimatesof the closedorbit basedon the valueDj∆p/p=0

shouldbe increasedby � 12%at the momentum acceptancelimit,
� p=p= 1%:
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Sextup ole resonance: � x + 2� y = 29
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and� = � x + 2� y � 29: If a superperiodicity breakingphaseerror
betweenarcsis � � �  x + 2�  y (mod 2� ); then

gracetrack = 2j sin(� =2)j garc :

The \saferegions"areplottedabove for � 2 f 45◦; 90◦; 135◦; 180◦ g:
Two squaresin the lower left cornershow the beamemittancesat
injectionandextraction.
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Sextup ole resonance (con t.)

� This optimisticstatement doesnot take into account the e�ects
of spacechargeand(to secondorder)sextupolesin distributing
tunesthroughoutthe beam.How small,for example,must � be in
orderto reducethe \tune width" to � � � 0:01for all particlesat
injection?Answeringthis is complicatedby the fact that the
largesttuneshiftswill occurnearthe coreof the beam.For the
sake of argument, let ussay that 10%of the beam(emittance)gets
shiftedwithin reach of the resonanceline. Then,we requirethat
superperiodicity be preservedat the level � < 24◦ or better,
signi�cantly morerestrictive than the opticalvalueof 105◦.
However, it is possiblethat spacechargedetuningcouldlimit the
instability producedby the resonance.If the PD2 base
con�gurationis seriouslyconsidered,this issueshouldbe studied
thoroughly. Nearextraction,whereparticletuneswill be closerto
the referencepoint, � < 21◦ shouldbe su�cient to allow moving
the entire beamwithin � 0:01of the resonanceline,althoughthere
is no reasonto do so.

� Or, becauseh�(  x + 2 y)jcelli = (2=3) � 2� ; the resonance
driving term canbe (almost)zeroedacrosseach arcmodule
individuallyby putting sextupolesin all threecellsinsteadof only
two. This would requireputting quadrupoleandsextupoleinto the
sametrim element.
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Dynamic Ap erture

The dynamicapertureof the PD2 lattice hasbeenestimatedby
tracking. Only the dipoles,quadrupoles,andchromaticity
sextupoleshave beenincluded.The results,calculatedat the

11.0 11.2 11.4 11.6 11.8 12.0
Horizontal tune

8.0

8.2

8.4

8.6

8.8

9.0

V
er

tic
al

 tu
ne

11.0 11.2 11.4 11.6 11.8 12.0
8.0

8.2

8.4

8.6

8.8

9.0

11.0 11.2 11.4 11.6 11.8 12.0
8.0

8.2

8.4

8.6

8.8

9.0

injectionenergyof 600MeV, wheredynamicapertureis smallest,
areshown above. Alongthe diagonal,the dynamicapertureis at
� inv � 10� 40� mm-mr. For purelyhorizontal orbits it increasesto
� inv � 25� 40� mm-mr,andfor mostlyverticalorbits it is slightly
less,� inv � 20� 40� mm-mr.

Peaksof the tunespectrawerecalculatedfor all orbits just inside
the dynamicaperture. A scatterplotis shown above. Thereis a
clusteringabout the line 4� y = 35; a resonanceline excitedat
secondorderin the strengthof sextupoles.The chromaticity
sextupolesboth excitethis resonanceandprovidethe necessary
tunespreadto put it within the reach of very largeamplitude
orbits.
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And so forth ...

Other topicsin the ProtonDriver Study(Chapter3) include:

� Closed orbit error. Dueto misalignedquads,dipoleroll, and
dipole�eld error: � c.o. � 5 mm, basecon�guration,and
� c.o. � 10mm, tunedcon�guration.This is �xed with steering
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magnetsandspecialdipolewindings.Maximum de
ections:50mm
and77mm. Windings:� 1.8%� and8.4%� .

� Linear coupling. Dueto rolledquads,couplinginto
orthogonalplaneis � 9%: if the horizontal excursionof the beamis
1 cm, the estimated(r.m.s.) excursionin the verticaldirection
generatedby couplingwill be 0.9mm.

� Chromaticit y error. Dueto sextupolar error �eld in the
dipoles:negligible.

� 3� y = 26 resonance. Dueto roll misalignment of chromaticity
sextupoles:negligible.

� Alternativ es. Especially(a) di�erent phaseadvanceacrossarc
module,(b) missingmagnetlattice (racetrack), (c) transitionless
lattice (triangle).
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