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PHYSICAL FOUNDATIONS FOR DESIGN OF HIGH
ENERGY BEAM ABSORBERS
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Abstract. We analyzed the physical basics for design of degerfor high
energy beams of electrons and photons. Typical plesrare the collimators and
dump systems. In particular, we considered a catiimfor usage in Cornell ERL

project, where it could be used for reduction &f,g halo, minimization of

exposure SRF module to SR from neighboring bendiagnet and for absorption
of direct beam hit in case of emergency. The caiton proposed uses Pyrolithic
Graphite (PG) at front end and Tungsten insertioser to the exit end. Beam
dump system for absorption of MeV, 1.9MW average power also uses a PG.

As examples we considered gamma collimator andhwmabsorber (dump) for
ILC positron conversion systems also.

1. OVERVIEW

Collimator is an inevitable component of any Hgpwer electro-optical
system. ILC and ERL are the most prominent examgfi¢isis kind.

ERL uses for recirculation of electrons: two BRF modules linked with
CESR by electro-optical channel and by return labphe other side [1]. Beam
from injector module (~15vleV) is directed into the first SRF module, which
accelerates the electrons fromNIBVto 2.55eV. At the same time, the beam of 5
GeV, arriving from CESR site, transfers its energyitiie same SRF module by
deceleration to -2.%5eV. After passage the ~180 deg return loop at theaénd
North SRF module, two beams (separated longitulginiay half wavelength)
enter the second (south) SRF module. In this modute beam continues its
acceleration to 5GeV, meanwhile the other beam continues its deceterati
reaching ~1MeV. After that this low energy beam is separated fittv high-
energy one and directed into the beam dump, whdeother beam, having energy
~5 GeVand low-emittance, goes to the experimental aneafather to the CESR
loop. After making a turn in CESR and channels,libam enters the North SRF
module and the process is repeated.

One place for the installation of a collimatoautd be identified at the entrance
of the second (south) SRF accelerating sectionRif &fter the turning arc. One
additional collimator of the same design-type (wasttmplementary fast kicker in
front of it) should be installed at the entranceNairth linac. Another collimator
(same design, but shorter) could be located nettidyemerger. The same type
of collimator(s) could be used for protection ofwle-aperture SR insertion
devices. The arguments for this are straightforward

To some extent, there is no self balanced mesmaaf equalizing energies at
the exit of North linac to 2GeV (and to %eVin experimental area) like it is in a
cyclic machine with auto-phasing. The only param@téhand is the controllable
RF power from additional RF generators which matkesenergy of one beam



higher, but the energy of other beam lower at tireestime. The energy of one
beam could be kept equal to the energy of anothehy a sophisticated feedback
system operating just this active RF power supphis feedback system must
analyze the energies of these bunches (and/ostbeirents and transform theses
readings into RF feeding power.) Basically, onedné® be prepared that the
energies of two beams running in the return looghtnbe different and varying in
time. This difference is defined by a dynamic raagd functional stability of this
feedback system in genetal

Installation of collimator in front of South malé, serves two purposdwst is
to cut the halo of 2GeVbeams (accelerated and decelerated) andset@ndto
prevent the exposure of SC structure to SR fromblesding magnet in the return
loop. It was shown that this SR could deliver abpem, if not treated properly
[2]. As far as the first function of the collimat@limination of halo —it is
straightforward. Some problems here might be aasetiwith the fact that the
typical distribution of the beam density in transeedirection is a Gaussian one
only within few sigmas. The beam distribution tleguires wide wings extended
up to the boundary of the vacuum chamber. Also, reed to keep in mind the
possibility that this collimator must absorb atseane full train of bunches,
beginning at the injector up to the entrance of shath SRF structure, which

comes ton,~5000 bunches (2500 from accelerating and 2500 fieoelerating)

each with a population up thl @.8%0® (Q=77pC) at theEy~2.5GeV carrying a

total energy up t&,,, @@n,E, @.9kJ.

Collimator at the entrance of North SRF linaastnbe able to absorb ~two
times this. As the beam size is extremely smadl, dbnsity of energy deposition
could destroy the material at once, if it is nodtpcted properly. An undesirable
situation could develop when the injector stopsvi@ion of the electron beam
either due to SRF failure or if the photocathodgstgeneration of bunches. The
latter might happen if either laser or HV systentha gun fails. In this scenario,
the injected beam is absent, but the train from EB&8ives without interruption.
The length of the train in this worst case scenarould reach the full
circumference of system carrying ~10k bunches \B#eV each having up to
77pC. All energy carried by these bunché&s, @ kJ will be deposited, more
likely, in the cryo-system, as in the absence @f knergy beam all energy of
decelerated (high-energy) beam goes for excitaifoRF fields in SRF modules.
Although the amount of Helium vaporized ~ kg is not largé this will

' In principle one can consider some kind of autosjiigy when the beam with different energy

has different pathlength in CESR and channels, lstewarriving to the entrance of North linac the
bunches are shifted in phase so that they deligedifferent energy to RF fields. The same
mechanism could be applied to the return loop.tRese purposes the channels need to have some
specific values ofRsg matrix element. This pathlength difference could domtrollable as an
element of feedback also [3]. So depending on thigah phase, additional RF power suppliers
may deliver different power to the Cryomoduledeed,the return loop between North and South
SRF modules must be isochronous, so at RastO here.

2 Calculated with latent heat of vaporization of idel ~21kJ/kg



immediately move the Helium from super-fluid state an ordinary one in
practically the entire line of Cryomodules. As sumidden energy deposition
triggers the quench, the RF power of klystronsddiion to the stored energy in
the RF fields may add to this as well. Namely,tfar exclusion of this situation it
is necessary to install a controllable beam dumthatentrance of North linac.
This dump includes a collimator itself and a faskkr, which directs the beam to
the walls of the collimator in case of emergenay, &ain, design of collimator
must allow extension its functions so it becomete @b absorb full energy
accumulated in many bunches. One must accept Riatréquires the presence of
at least two collimators, able to withstand a diteit of one full-circumference
bunch train in its structure.

Similar problems appear in the design of coltions for ILC [4], although the
beam energy carried by the train there at Z&V/ is much bigger, namely,

Eo @N,NE, @060 *°x240'° 820:&500° @225MJ in one train (~11

MJ/seg. Most results obtained here could be used for disGvell, however. This
is definitely true for gamma-collimator and gammangh used in positron
production system of ILC.

2. TO THE CHOICE OF DIMENSIONS FOR ABSORPTIONS OF
ELECTRONS

The primary electron, positron or gamma beanh weitergyEe>>mc, when
hitting the media, develops a cascade (showenryhait is a mixture of electrons,
positrons and gammas accompanied by neutronsr@&usitreated by gammas in
electric field of nucleus of target material. Newms created by photonuclear
reactions of different nature.

In simple dichotomy modgelthe cascade develops in the depth inside media
from the point of penetration of initial beam; eastlep of multiplication in the
shower associated witiadiation lengthx, .

X5 @ria~ 2 2(Z +YinClent ] (1)

A —is atomic weight of target substanceN, @6.0224.0* is the Avogadro
numberZ is atomic numbera =€’/ ¢ @/137, r, is the classic electron radius.

The cascade propagates inside matter until endrggrticles reaches the critical
value,
610
E , MeV | 2
¢ §%+1.24 )
then the ionization losses become dominant. Traesv&ze of the cascade in its
maximum is of the order of Moliére radius

Ry @ 3



where E =\/4,a—/a><rznc2 @@1.2MeV-s ascale energy. Moliere radius does not
depend on energy of primary beam. Naturally, thdide radius, expressed in
cm, is bigger for lighter materials, ag,, » 0.035& xX, and X, AlZ2, so
Ryl A/Z, where A is atomic weight. For W with its Z=74,

R @257X,(l}y =0.9cm), as the geometrical length corresponding the
radiation one ig, @@3scm. For Ti, with itsZ=22, R} @.7X, (ly =2.45%m), as
Iy, @55m, see Table 1 for more.

Table 1. Critical energy, radiation length, Moligéeglius for some elements

Elements C W Cu Al Ti Fe

Z 6 74 29 13 22 26

A 12 183.8 63.5 27 47.9 55.8
E., MeV 84.2 8.1 20.2 | 428 26.2 22.4
Xo glent 43.3 6.8 13 24.3 16.1 13.84
l,» CM 19.2 0.35 1.45 9 3.58 1.75

Ru/Xo (=EJE.) 0.25 2.57 1.05 0.49 0.7 0.99
I, CM 4.8 0.9 1.5 4.4 2.5 1.65

The cascade (shower) reaches its maximum at tha Ep>>E.)

tnax Gt 1 Bo
X, %In E. 4)

with the number of particles (per each initial otfere around

N@ (5)

Substituting in (4) E;.=5GeV for Carbon, E.=82.4 MeV, one can obtain
l, . @15%m, and the number of particledNma-60 (total of ,e", @).

Transverse size of the showel,~@®8cm; these numbers give an idea of the

dimensions required.
One can estimate geometrical volume occupied bgacksas
E.° E
2 3 0 3 2 3 4
Ve @l Iy @1y, E_i InEC“u 1%, XX A1 27, (6)
For example the ratio of these volumes for Tungatahfor Graphite becomes
2

2
ve 1o o c 15, 48 ,
@;—W M @ == =31 28»884, (7)
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i.e. the volume involved in a cascade inside @hsut 900 times the volume
inside W for the same initial energy of primar@é&V electrons. Numerical value

of volume forW is V' @, |5 @32x081@a7cnt, delivering density of

energy deposition iW at leastP @&, /V," /r @kJ /51g @8J/g , what is
only ~2 times lower, than a measured experimentdiigiting density
P£180J/g. As the real density of deposition at final poimsbigger, than
average one taken in above calculations, we cadwd®, that Tungsten absorber
is at the edge of survival.

As the circumference of ERL is ab@ug 2420n, period of revolution is
t,=C/c @420/3%0° @mand the total energy deposited in the target within
this time. Full 56eV beam train corresponding average curieft1 A, carries
energyE,,;, @E#, @» kJ (worst case scenario for collimator in front of Mor
SRF linac) Now if all this energy deposited in a volume invedvin a shower, the
temperature rise for E, @@ 4kJ deposition in Carbon will be

M@@E“’t @@ E“"Z @.2K only, where C, @71 J/gFK is a heat
mC, /f%ltmxl,\,,cp
capacity of Carbon, angt @®225g/cn was taken as its volume denéitgo the

Graphite absorber will survive a direct hit of tran contrast with the one made
from Tungsten (or Iron). Even so the high local powlensity may deliver a
problem at the incident point, as the shower isdeseloped yet there, see below.
Also, one of the operational modes has the beamgehsuggested ~hC at
lowered repetition rate, SO each single bunch €T

N, @BOnC /160 °C @B25x0" electrons and enerdy,, €1C5Ge\=50].

The temperature profile repeats the profile advetr and the thermal pressure
pr can be expressed as the following [19]

T €
pr = GV) = @V ®)
where coefficien&®V) =V /¢, (1P/1T,) ~1.5-2 which characterizes the ratio of the

thermal pressurep;to the specific thermal energg, /V  called Gruneisen
coefficient. By introduction of thermal expansiomefficienta,, Griineisen
coefficient can be expressed as

G(V)=Va;K;/c,=Va;Kg/cp, 9)

whereKs is the adiabatic bulk modulus. Let us considerirderaction of this
bunch when it hits a thin wall, what might be a lwadlvacuum chamber. If the
beam size defined by local values of envelop fumcih , then its size comes to

% For Tungsten this temperature rise is, formalil €600°K.



s @b/ g . If the thickness of the wall i§, <<l then the volume
involved isV @1, (g&>b /g, where g¢g stands for invariant emittance. If the

volume density of material of the chamber is[g/cn® then the energy
deposited in a wall by all particles could be eabdd
& @, [MeV/(g/cn?)]*, ¥ . So the pressure existing at the very first
moments comes to [6]

Nb><2>¢r>g

DTG(V)@V) p

wherez coordinate runs from the entrance of target. Omese®, that thickness of
the walll,, disappeared from the final formula: energy depaosiis proportional

to ly, the same is the volume. Fog&{@.ﬂnmwrad=10'5cm>¢ed,
b €10m=1000cm 7~ @&9.1g/cn® (W), G € 24, the pressure comes to

e 625%k0"° >@ x0° %k9.1%0000 _ ”3
=@V)— = 29%0” [eV/cni
Pr ) V @4 p %0 ° %000 [ -

The last number could be expressed

eV J erg dyne
® 29X07° ——® 46440 ——_® 464%0" = @R64401—1—"® 464kBar,
Pr cnt cnt cnt @ cn?

meanwhile the elasticity of W is limited by 1.@8ar. This example indicates
how serious the problem associated with small rens® cross section might be
even for a single bunch.

More complicated cascade theorgcludes details of the process. For normal
entrance in media, the distribution of density aftggles in transverse dimensions
characterized by NKG (after Nishimura-Kamata-Gnejdanction [5]

s- 45

, K(s)=0443%° (L9- s),5< 16 (11)

(10)
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Figure 1: Longitudinal profile of showek(s).



wherer stands for the radial distance from the axis ofgdr,s is its age (defined
by (19), see below).
So the number of particléd(r,t(s)) in limits of radiug could be obtained as
r
N(r,t(s)) = N(t(s)) »< F (r §2or &r &, (12)
0
where N(t(s)) total number of particles in a shower at thpttt defined bys.
Initial transverse beam distribution suppoaetklta-function so far. For finite
transverse dimensions for the beam having distohu@at the entrance as

fo(ro)drg the distribution function at the deptttt(s) could be found as

f(r)d?r = fo(ry) F(ro®?r,d?r @ whiler =r, +r¢ (13)
For Gaussian initial distribution
2
r
fO(rO) = 2 exp - 02 (14)
p<ry> <ry >
function f(r) has a form
¥ 2 (ﬁ:
a
f(r)= 12 F(r %exp - ' +2r xk, 2r2r 2pr &y, (15)
p<ig>_ <ry > <ry >
At the axis of shower€0), this expression could be simplified to
1 @
f(0) = 5 F(rfexp- —— 20r@ @ (16)
p<iyg>_ rg >

The last expression could be further simplified fer? > <<RZ by direct

integration [6]
/2
s <> °

Ry
Ratio of axial density at the depItD the density at the entrance both measured at
the axis goes to be

(17)

dN(t,r) /d*>N(@O <r2>%/?
¢ r)/ (¢ ”' =p<iZ>f ON(®) @K() ‘;ﬁ @GNS (18)
r=O
By introduction of variables
h=inEe, po=mnSe x=i (19)
E E, Ry,

where E stands for the current energy of particle, the afyshower could be
expressed as [5]



S @Bt _ 3t |

+2h t+2h,+2x

where the depth is measured in fractions of; now. Physical meaning of
variableh is clear, as the energy dependencé mE,expeh . )

The number of particles at the depttind energies grater th&nwhile initial one
wasEy (all measured in units of critical energy now) gjée be [5]

(20)

N(E,, E,t) @/%exp[t (- 3Ins9)], (21)
so the total number of particles comes to

31
N(EO,E=O,t)@ﬁexp[t(— 2Ins9)]. (22)

In fractional toXp units, this expression practically does not depemdnaterial
nature. At the shower maximusal, according to(16), (17)f =t,, @&, in good

agreement with results of simple dichotomy thedy (
The number of particles having energyE >could be expressed as

N(E,, E,t)ju E °. At shower maximum,s €1 [5]

Nmax(Eo: E) @)31EM , (23)

E.  hy
Where functionf (y) @(1— %+..), y >1. This formula shows, that the number of

particles with some threshold energy is a few titess, that the total number of
particles predicted by formula (5).

Oblique hit the wallunder small angld considered in [6]. Below we represent
some results from there useful in collimator design this case the effective

length of entrance spdt @ /J is much more than the distance corresponding

development of shower and the distribution of gées in the wall becomes
equilibrium with

N(r,E)= N(r,E,t)dt. (24)

Total number of particles in cross section of gtiswer defined by the balance of
number of primary particles entering the wall oflic@ator per unit length

dN
o @27 (25)
where ny stands for the particle density in cross sectibnncoming beam,

V2 rostands for effective width of the beam and by theergy losses by
ionization process at the radiation length so

Neq @By/2 150 X2 (26)



wherel is the rate of ionization losses. The last oneEF@2.5 GeV, rg=0.6mm
and bunch populatiorN, @®825x0'°(10nC) in Copper

Ny @385 %0, f27

The width of the shower reaché; r2> @R, , however, so the energy density is
not high, but the peak of particle density and dgnef energy deposition
manifests itself at the distaneaZt,, counted from the surface of material.

Distribution of particles in a wall as function depthy, counted from the
surface, could be expressed as

FOOY) =N Fo(Xos Yo) XE ({(X= X0)2 + (Y= Yo)2dxydy, (28)

where f,(x,y )is a transverse distribution of particles at theance,n, defined

atxo =0, yp =0, functionF(r) represented at (11). Coordingterelated to the age
of shower byy, =J %(s ) where dependendé¢s) calculated from the entrance,

defined by (20). If the beam size yndirection is bigger, thay, =J %, then
functionf could be carried out of integral and account itng® n,(y) . If intial

distribution is a Gaussian one, with dispersionsq > and <yZ >, so

J<YE> >>Jt,, then

(X y)=np0.y) exp- 0 x€ (0 %)% +(y- yo)2dody,.  (29)

2
<XO>

The last expression could be integratedxfdd (at the center of the beam axis), so
finally

¥ =1 s1 s+l s+
F0Y)=n0y) -8 2 x@hK(g x 2 mx2) o E2) Bo g
. Ria 2 &l-3) @E3) Ry
2
where it was introducegr =w .
2<X5>

Ford =107°, /2<xi > =630 “cmin Copper, the density of shower at
the surfacey=0) is ~three times the bunch density. Maximum erfisity located
at the depth #x0° cm and is ~1.5 times bigger, than at the surfacethin

number of particles in a bunch N @®25%0'"°, the temperature rise will be
~18.7C per pulse. For the train of 2500 bunches, talse@stimation of length of
the train, the temperature rise comes to 4?@0Formally Copper will be melted
after ~1083/18.7~58 bunch in the train sequencdraBoe of tails of radial
distribution off setting byy/2< x5 > from center will raise the temperature ~2.5

°C per bunch, so the train of 2500 will heat theariat up to 6256C.



One additional important moment here associatgti the generation of
plasma around the incident point or line in theecakan oblique hit. Atoms of
vaporized metal become immediately ionized alorglihe nearby the wall hit,
so the ions could compensate the space chargesimsjghct bunch. This plasma
lens developed quickly as typical speed of iorar@indv, ~1mm/n sec and for

micrometer-size beam compensation established gluan fraction of a
nanosecond while the beam duty in ERL could reads &s we mentioned
above. This might be especially dangerous in cdsablique hit as the acting
distance for this ion lens is big and the high ggdrseam might be focused to
extremely small transverse cross section.

That is why we suggesting usage of Bwnaterial in front end of collimator.
Pyrolithic Graphite emerges as a best candidatthése purposes.

3. TO THE CHOICE OF DIMENSIONS FOR COLLIMATION OF
PHOTONS IN ERL
As it was mentioned in Overview, the secondcfiom of collimator is in
protection of SC structure against exposure tor8R the last bending magnet of
return loop. Schematic view of hardware aroundimaitor is shown in Fig. 2
below.

SRF stracre € el Colituaer Somtdend /

i_mnn% X

=

Figure 2: Top view to the collimator region. Bearoming from the right.
We reserved some space between collimator anddipe @& last bending magnet
for installation of focusing elements; this spacarked asM in Fig.2. Scaled
view represented in Fig. 3.

Ry

Figure 3: To the definition of limiting irradiaticangle .
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The last magnet of the bending loop (at the righgplit in two sections having
bending radiuseR; andR, respectively; s&;>>R;. If diameter of collimator isl,

its length isL, distance between collimator and the last magdege 1, then the
value of azimuthtal anglg which sees inside SRF cryomodule could be found

from the system of exact equations, Fig.3

(R+5- Xcof =R,
@)

tap/ =
W L+M

Despite the system looks rather simple, its exalktti®n, which could be found,
say, with Mathematicy looks extremely complicatédThat is why we will use
approximation

., d
Z (L+M) "’ @1

The number of photons radiated by each pantickin this angle goes to be

. agd
Ny, @Bg/ %' 132

whrere a =€°/ ¢ @1/ 137is a fine structure constant.
As characteristic energy of each photon is

c
w="g=mc- g, (33)
c 2 R]_ 2 R]_
2
where =e—C2—(2: = 386%0 “*mis & Compton wavelength/2 Total energy
mc” e
deposited by each particle inside SRF comes to
a .d
mé——C—g 34
Eo @MC = -5\ 0 (34)
If we accept for estimatioR;=100m, L=1m, d=1cm g € 5000(2.5Ge\), then
3860 °001
mc 625%0 @D3%0 * xn @M6.6 eV. As the current
B @ 137500 +1) @

expected to b&=0.1A, then the power deposition comesPel.68N. Meanwhile
energy of quanta is, according to (33, @20 *xnc” i.e. radiation is in
statistical regime, as the number of quantas redias less, than one,

agd 000x001
N
”’@(HM) @513%8

@.046 per electron.

* It is interesting, that it is not possible to emgacos or tan here.
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About the same power will be deposited is diroakor itself. As the vertical
size of photon flux will by @iL+M)/g@*0 *“m® 04mm, the power
comes to

P 165V
Aree @.4mn *xk00C(mnr

which is not big for collimator. Radiation firstuohes the SRF at the distance

@0.004AW / mnf @ 4kW/m?),

L @%. (35)

For example, iD=7 cm, then L € 7m i.e. somewhere inside second module. As
the power ~1.6@/ distributed evenly at the distance starting frométers behind
collimator up to the infinity, the density of poweleposition in horizontal
direction drops linearly with distance In addition to this, as vertical size of the
photon flux increased rfg, then the power density drops r44nd at first touch
is ~49 times smaller, than the power density airther surface of collimator, i.e.
~8-10° Wmnf=80W/nf, which is acceptable according to [1].

Shadow of iris defines the fraction of energyadsited in each iris around first

touch as
! d
d@—, 36
4L+M) (36)

where'/ /2 (€11.6cm stands for the period of structure. So the illurtedaarea
on iris collects radiation within angle

_MdT d?
i af= (37)
4(L +M)LD
So the total number of photons (per electron)riglbn the iris goes to be
adl d?
Ny @lag @0 =_H00_ (38)

L  4L+M)LD’
which carry the energy

2 4
Eye @mc—C— 19T (39)
g R 4(L+M)LD
Total power illuminating the iris comes to
2 4
/1d°g’l (40)

Fors @M me S R 4(L+M)LD>°(

And, finally, the power density comes to the value
2

Paris c//@ _3 a . .o d
Area® me't = R j/L ”I:g smel R LD “D)
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If bending radius of last magnetRs, thery defines the minimal magnetic length

of soft bend magnet
| @B, < @B, d @800 0'01—0125m (42)
s SRS 4L +M) 8 ' '
From an engineering point of view, the soft partled bending magnet, having
radiusR;, could be made longer than this minimal value ragfi by (42) with
minimal efforts; so from this point, the length tbfee-four times bigger is more
preferable, coming to ~50cm.

Photon collimation of gammas in ILC has someupadties [4]. First of all, the
photons have energy defined by undulator specith, thve first harmonic around
10-15 MeV much below critical energy for C. Seceitde beam after collimator
could be not so clean from scattered particleshagarget is a room-temperature
device. Neutron generation in this tandem redundist place by high threshold
neutron Photoproduction cross section in Carbon.

Attenuation of gammas in ILC gamma-collimatsrgoing through Compton

scattering mostly at high energ$ 0.1MeV) coming tol?=17xexp¢ t/// )
with absorption lengthf ., @&0g / cnt [19]. For Graphite this comes tg, @crm
So the Graphite section comes @&0 ., ~50cm followed by ~7cm of Tungsten
insertion. At the moment of arrival to the Tungssattion the gamma inensity
reduced by a factor 2xk0".

4. NEUTRON FLUX
Neutrons are generated as a result of so-cphetonuclear reactionsnostly.
Mean lifetime of a neutron is 885.7 seconds (14m@rand it decays to a proton,
electron and anti-neutrino (100% branching). Nendgrolassified by theirs energy
E as the following:
1) Slow neutrons E<1keV
2) Neutrons of transition energykd\<E<0.2VleV
3) Fast neutrons —0.2M<E<20MeV
4) Ultra-fast neutronsE>20MeV.
Reaction of photo-production has a thresholdiclv depends on media. For
Tungsten, the gammas with enefigy 6.19MeV can not generate neutrons [8];
for reaction of @, 2n) the threshold is 13.#eV (in W). For some materials

thresholds represented in Table 2.
Table 2: Threshold energy fog( n) reaction.

Elements C W Cu Al Fe Pb U
E@h(g,n),MeV 18.72 | 6.19 | 991| 13.03 11.21 6.78 6.04

® Natural Graphite contains 1.1% of’@vhich has a threshold of 4\eV for (g,n) reaction [17].

13



One can see from this table that the beam deumgpgested for ERL containing
Graphite as absorber (paragraph 7 belovil),not generate neutrons at aif the
dump energy of the beam remains below 18 MeV.

In Lead, experimentally measured yield of nengrin region of 1.255eV
comes to be ~0.6 neutron/electron in a target wiseB cm thick [9]. According
to [9] the yield after reaching this thickness does depend on the thickness
anymore (saturated yield). For 2BV electrons the yield measured is
proportionally lower.

In [8] represented photonuclear reaction yiefds gamma-production as
function of energy and material. About 99.98% ofhgaas participate in neutron
creation, so reduction of gamma-flux is a priotiédgk for our purposes. It is
shown, that the yield comes to saturation aboveggnef incoming gammas
above ~40MeV. The ratio of rates in neutron production is stréanction ofZ
and comes to ~20 for Tungsten vs Graphite. Neugield in Iron is ~5 times
bigger, than for Graphite. Energy spectrum of randrdrops rapidly beyond 13
MeV and has drop ~100 times beyond first thresholdggng-6.1MeV for W).
At maximum, which happens at low energy (<0.1MeVld/ reaches 16 for
each irradiating electron having energyly.

In principle one can take the formula (22) fioee number of the particles and
multiply this number by the cross section for phptoduction for obtaining the
number of neutronsWe will apply a different approach, developed tbese
purposesThis approach includes the concept of differertedtk length.

The number of neutrons produced by initial et could be expressed as [12]

Eo
N 7 dL9(E,, E,) N 7
Y(E)=—2-  s,.(E,) dEO P°dE,® —2— <5 (E,)L(Ey Ep) >, (43)
E_@h g

where Eg; = wis the photon energydL”/dEg] is the photon differential track
length, s,(Ep) =s(gn)+s(gnp)+2s(g2n)+... is a sum of partial cross

sections for neutron production [15]. [16]. Defioit of dL”/dEy is clear from

right side of (39) and is nothing else but the eabf track length averaged over
energy. The photon differential track length is

g Foqie
dL¥(Ey Ey) _F9 Xg "dL(Eo ), o )
dEy By Xo, CE

where X = A/(N 485 4 )stands for the photon relaxation length,>sg/ X, @

F® and F? are correction factors, ~0.7-0.9 depending on rttaerial and

energydL®/dE is differential track length for electrons. Elastr differential
track length defined by [13]
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ko

dL(Bo.BE) _ By Xo 1_ (L+ k)X x e—zds (45)
s
Kk

dE 0437EZ Kk

where k=E/0437E. and k,=E,/0437E.. Equations (43)-(45) allow
calculation of yield for different initial energyf electron. Formula (43) could be
approximated as the following

E
NATXoEq Sq(Eg

)
= dE,, (46)

Y(E,) = 0572

Egn
Showing that the input of high energy gammas indyselppressed asl/ E;.
Results of numerical integration of (43)-(48)nesented in Table 3.

Table 3 [11] Neutron yields in units of ¥heutrons/sec/kVibr the target with
thickness® 3X,

Elements C W Cu Al Fe Pb
Eo=34 MeV 0.097 1.98 0.074 0.22 0.51 1.6
Eo=100 MeV 0.31 2.28 1.03 0.50 0.72 1.8b
Eo=500 MeV 0.38 2.42 1.08 0.56 0.76 1.98
Eox=1000 MeV 0.38 2.42 1.08 0.56 0.76 1.98
Eo=6.3GeV [14] - - 2.2 1.1 - 2.6

One can see, that the yield saturated &te100 MeV. So now we can express
the neutron yield as [11]

Y(n/seckW) @®.3xk0'0 xg 073005 (47)

Spectrum of neutrons located mostly below the thoigstior (g, 2n), as the

number of high-energy photons is exponentially loaehigher energy, and as a
result of decrease of cross section beyond resengmck. Experimentally
measured spectrum represented in Fig.4 for 100-MeMent electrons [8].
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Figure 4: Energy spectrum of neutrons created iyM6V electrons in W [8].
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One can see, that neutron yield drops ~1000 timbstbel MeV for 100MeV
primary electrons.

It is easy to understand the suppression gii-Bhergy neutrons in spectrum.
To acquire high energy, each of three quartkd,) needs to be accelerated to
about the same energy. As electric field of thetphacts differently to the up
and down quarks (having charge €/3-1/32), more probable becomes
accelerating just one quark, which needs to be édeby anti-quark, so some

channel might be the one going through light mesgm®), suppressed by
necessity to create this anti-quark. At low photoargy, the energy acquired by a
single quark, could be re-distributed among otlnr by strong force, which is
~1/a times bigger, than the electromagnetic one.

So even taking into account that energy ahtffist neutrons is proportionally
higher, total input into energy deposition of theseitrons remains below 10%.
Some rise in low part of spectra is explained byuteting this part of spectra by
neutrons scattered by media and lost their endtgy.higher energy of incident
electrons the shape of graph remains the samehesdraction of ultra-fast
neutrons remains the same if normalized to the rfalitron yield, so one can
expect, that formula (47) for the yield includeksthis.

For 1nA loss of %5eV beam (so power loss isA&0.005kW), formula (47)

gives Y @®.3%0'° x8.7 >8>0 > @M7*0° neutrons/sec for CarboRor Tungsten
the yield is 6.26 times biggerkKnowing the yield of neutrons one can calculate
the dose, associated with neutron flux at dist&frem the source [11]

D(rem/ hour) @3¢ ' PR[[I:nV]VZ] . (48)

So the dose for hAlocal losses in Carbon comes to be@® 62t8/hour at the
distanceR=2 m unshielded. So, adequate neutron protection isined) for the
collimator for this loss rate. This number givesidea of the level of neutron
flux. In the project, much smaller linear loss dgns-5 pA/m suggested [1]
brining neutron flux density in regular parts taywéw level. So even losses of
this current in Im long Aluminum target will deliver local neutron flux
D(rem/ hour/m) @16-10" — i.e. about three times below allowed by safety
regulations.

It is interesting to compare the dose for tigh{Z elements (Iron, Tungsten)
for which the rule of thumb is

D(rem/ hour) @ZOO»L;% @m.75, (49)
m

i.e. ~6.4 times bigger. We would like to attraceation that for high-Z elements
the saturated dose is not a functiorZaf this estimation.

One other peculiarity for Graphite collimatoith&t the neutron source in case
of soft collimation is a cylindrical one, havingettlength ~1m. This might be
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useful property for the lowering of integrated dasagthe material of collimator,
if compared with Iron or Tungsten.

Now as we know the yield of neutrons expected wentave to the next step —
protection from this component in radiation.

5. PROTECTION FROM NEUTRONS

According to our estimations made above, foA losses in the collimator the
dose rate calculated with (48) for Carbon at theadiseR=2m for 5 GeVbeam is

D @®43rem/hour As the safe level lies D<0.1 rem/week or

D £ 0.1/7/24 @0 “rem/ hour, the attenuation required is ~716 times, i.e.

a moderate one. Also the losses afAlcould be considered as majorette one; in
ERL project the looses expected at the level 20iB1mes lower. This dose
calculated for permanent exposure of personnelieality the exposure time
might be less also.

But main conclusion is that in mostly places mhéhe losses estimated
<1pA/mthe protection shield dos not required at allthees corresponding dose

here isD @&.3%0 “rem/ hour < D, = 630 *rem/hour. For losses [sA/mthe

protection shield must deliver attenuation ~3.5e8m

Detailed description of neutron interaction witkdra is given in [13]. Thermal
diffusion length [p) is the characteristic distance between the pdinthach a
neutron becomes thermal and the point of its foaglture. Thermal neutrons have
about the same energy as the surrounding matpacatly < 0.4eV (0.025eV at
300°K).

So, the basic strategy against neutrons has fewndissteps, which are the
following.

First it is in reduction the energy of electrons as mashpossible before it
reaches the productive mediagcondneutrons must be moderated to low,
basically thermal energy;third- the neutrons could be absorbed by
Boron/Cadmium rich media. Overall protection shigldde from Lead guaranties
the reduction of any leak of dangerous radiatiotside the collimator region.
This outer Lead shield combined from standard-bizeks could be extended, if
necessary, is sensitive directions to protect persloworking area. Lead support
must be designed so it allows installation of adddil bricks.

e . . E, .
For description of process of moderation, the \kﬂElb.=|nE0, introduced

earlier for description of processes in shower i8),(lis broadly in use for
description of diffusion and moderation of neutramsl called théethargy. Here
E, stands for the reference energy d&hdtands for current neutron energy. As

we mentioned, the lethargyallows to find energy a& = E,expe A .)
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Table 4 [13]. Some parameters used for neutron ratida calculationst ; —age
of thermal neutrond,s—moderation length,p—diffusion length.

Media Hz0 C Fe Pb Si0 B.C
T, glen? 1° 2.25 7.84 11.36 1.6 2.52
t,cnt 27.7 364 | 1570 7100 2300 174
Ls, cm 525 | 19.0 | 39.6 84.2 48.0 13.2
Lo ,cm 2.85 | 545 | 132 135 30.3 0.02

Usual or light water absorbs neutrons, but for purposes this is a useful
property (in contrast to nuclear reactor businedsre the heavy water, which
does not absorb neutrons, is in use for the madedafThe same is true for any
moderator used for our purposes. The enlargemewatdr cooling jacket could
be done to some extent without any problem, as therwiow (and pressure)
required for cooling is very low (water needs to gaout few watts only).
Moderation length for water is ~&m so one moderation length jacket looks
adequate here.

Polyethylene and paraffin (including liquid ratiin) are among the best
candidates for slowing neutrons also. The neutrdms in not high, so the
lifetime of polyethylene is not an issue here. Madudesign allows fast
replacement in case of damage.

Carbon in collimator also moderates neutronsnftbe very beginning. Pure
Beryllium moderator looks expensive for our busgyelsowever as Beryllium
fluoride salt (FLiBe) is possible also, although ldoks rather exotic for
accelerator practice.

Numerous experiments indicate, that spatiafitigion of neutron flux density
could be described pretty accurately with the hélgxponential function

JJ @) 5/ oexpet /Lg), (50)

where Ly —is so called the relaxation length associated mikerial of protection

shield [13]. This value has clear physical meanimgmely it indicates the
distance, at which the flux drojgstimes. If the protection shield composed from
different materials, attenuation could be describsda product of exponential
factors with its specific values of relaxation lemdts; and thicknes#

m
.. .. t,
@) ) oexpk ) (51)
i=L R
In Tables 5, 6 relaxation lengths represented dones materials used for neutron
protection.

® Partial density of Hydrogen in waterss, @.111g/cm3
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Table 5.[13]. Relaxation lengtky for neutrons with energg=4MeV

Media H.O C Fe Pb | Polyethylend B,C

T, glcnt 1 2.25 7.84 11.36 0.92 2.52

L, g/cnf 6.2 19 59.5 169 5.05 20
lx=Lg/r,Ccm| 6.2 8.4 7.5 14.9 5.4 7.9

Table 6. Relaxation lenglky for energyE~14-15VeV

Media H.O C Fe Pb | Polyethyleng B,C

T, glcnt 1 2.25 7.84 11.36 0.92 2.52

Lg, g/cnt 142 | 329 64.2 173 12.8 28.8
lg=Lg/r,cm| 14.2 14.6 8.2 15.2 13.9 11.4p

One can see that Iron is about twice more effectivattenuation of fast neutrons
per unit length, than Lead in wide energy area otno@ spectra. Valukg could
be treated also as a weight of material with crostisearea Icnt, delivering
attenuation of neutron flwe times. Again, Iron-made protection shield has
advantages over Lead one about 2.7 times, if cozdpéy the weight. One
negative factor associated with Iron is in its easygnetization, sometime in
unpredictable way. If inside the iron shield magndield level could be kept
controllably low, at the edges in fringe area thighh be problematic. As we do
not expect thick protection shields as the lossdsRL are low, we prefer for the
moment Lead wrap for collimator, as it adds moreratation for gammas ZZ at
high energy.

Formulas (50), (51) in some sense are integrated which take into account real
attenuation in media, what includes moderation drstgotion.

We would like to underline here, that protectionesthis not a part of collimator
itself, although it is useful to keep in mind theewall weight/size of protection
systemand collimator.

6. COLLIMATOR DESIGN

Collimators for photons and electrons have dbtcomponents in common.
Overall size depends on energy of incident beam. a@fyr type of collimator
lowering neutron flux is one of primary goals. Fégatron collimator, as a rule,
the quality of collimated beam is important issas, the collimated electron
(positron) beam used further in low-aperture magnetidiators or collision
systems (like in IP of ILC). As attenuation of gamflux is few times smaller,
than attenuation of electron one, the photon callon requires bigger
longitudinal size typically.

19



Again, very crucial for collimator is an ability tevithstand direct hit of the
main beam train As the emittance of the beam is very small
(g2, £ Immxarad) the beam size might be ~30-8@ accepting energy ~J.

6.1 Electron collimator. So the basic concept put in grounds of electron
collimator design emerges as the followirkgrst, materials which potentially
could be hit by the beam/bunch are made from ligigiste(low Z) media.
Secondattenuation of neutron flux and neutron absorptitade in a separated
protective shield which is not a part of collimaitself. As we would like to be
sure, that mostly of shower located inside medti@,ttansverse size of collimator
can reach one Moliére radius, ~4r18@for Graphite.

Special attention needs to paid to avoid reson&ldrequencies around 1.3
GHz

Let us consider a collimator represented inZigyrolithic Graphite (PG) is
used as a low material, although we do not exclude usage ofmangi Graphite-
Crystalline or Synthetic ones sequencing PG afteresdistance.

PG manufactured by decomposition of a hydro@arlgas at very high
temperature in a vacuum furnace. PG is availablplates, tubes etc. with its
properties strongly dependent on direction. Grapalisorber body split in many
parts as thick washers with high thermal condugtiwitdirection to the cooling
wall. Graphite washers inserted into the tube withilagppnd brazed into Copper
tube or with thread. The Copper tube is cooled bjigaid, running in a
surrounding jacket. Graphite disk has an axial leble5mm in radius.

Water Tungsten Graphite
- R
IR \\\x\\\\\\\\\—g .
ﬂ\\\m—% B

Figure 5:Collimator with GraphiteBeam is coming from the right-langes are 4
inch in diameter. Overall length of collimator haw&n ~15@m Long
Graphite cylinder assembled by many discs havingi@ dt the center.

After Graphite front-end insertion installed a Tutegs(Tungsten alloy, more

exactly) cylinder technologically made as a long, no the same Copper tube.
Tungsten cylinder has the hole of the same diamatethe Carbon one. For
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making a hole in Tungsten cylinder, having the tar§ cmit either is sectioned
in longitudinal direction or split in halves alondpe beam line. Anyway
technology of making small-size holes in long Tuegsmaterials existsinside
the copper jacket, the Tungsten enclosure is fixgdhread. It will be not a
problem to make a thread inside tube havingm8

Figure 6: A fragment of PG collimator. Threaded thisashers have good
conductivity plane oriented across the collimatdsa

For reduction of resistive wake-field effect, thefaoe of Graphite washes is
galvanized by few micron thick layer of Copper, s$teraassembling the sides
looking to the beam arrange a well conducting seffac

Water cooling system (water jacket) has extentteckness ~5cm, which
corresponds to one moderation length (see Table 4).
PG has unique properties, such as high temperafwgeration, as it is stable up
to 3000C, low vacuum outgassing and the heat conductiviep0-W/m°K
(directional, in rectangular plane -3v8/m°K) which is comparable with Copper.
For Graphite,1, €19.2 cm (X =43.3 glenf). The graphite cylinder, as we

mentioned above, made in sections which high comtycplane oriented
rectangular to the collimator axis. Carbon fikginforcement is possible.

We would like to attract attention that thermal cocidvity of PG HT graphite is
~four times of Copper (what is460 Watts/MetefIC) in a plane across the surface.
Sublimation of PG investigated for usage as a téayemuon production [7]. For
temperatures > 3680 sublimation in vacuum is going from one side of
cylindrical hole to another, so formally there ie fosses of material. Cross
section of all set is shown in Fig. 7.

Expected neutron flux defined by the losses oftedes in media of collimator
(which was estimated agpA). Basically the losses defined by electro-optical
functions at collimator location, but still, for @ances under consideration in
ERL the transverse beam sized defined by this fatdotoo small;, for

" Used for making collimator for E-166 with inner diater hole 0.7mm and length~100mm.
8 For collimation of gammas in positron conversiosteyn of ILC the electrical conductance of
Graphite is not important at al.
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@E@80 Scmxad , b €10m=100Cm, s, @igeb/ @@ cm=10m, so diameter of

collimatord=10 mmcorresponds to 1020 /nm~5000 sigma.

Table 7. Properties of PG

Graphite PG SN PG HT
Density 2.18 - 2.2p/cn? 2.22¢g/cnt
Flexural Strength (A* plane) 18si(120M Pa) | 4.8kpsi
Tensile Strength (A plane) IPsi(80M Pa) 4.2kpsi(29 MPa)

Compressive Strength (A planel5kpsi(105M Pa)

Young’'s Modulus (A plane)

3 x 2@si (20GPg)

7.2Mpsi (50GPa)

Thermal Exp. Coeff. (A plane)

0.5 x ¥ém/cni°’C

-0.6-10° cm/cni°C

Thermal Exp. Coeff. (C* plane)

6.5 x 1@em/cni°’C

25-10° cm/cni°C

Thermal Conductivity (A plane) 400 W/AC 1400W/m °C
Thermal Conductivity(C plane)| 3.5 W/RNC 7W/m °C
Electrical Resistivity (A plane) | 5 T0hm-cm 5 10% ohmcm
Electrical Resistivity(C plane) 0ghm-cm 0.6ohmcm
Crystal Structure Hexagonal

C/2 Spacing): 3.42 A)

Outgassing non non

*A —along basal planes; C-through basal planesKtiés$

Dispersion function at collimator location is zeoy the starting point coinciding
with the entrance of return loop, so the only enesgriead input to the beam size
arises from IBS in return loop region. For estimatiof this energy spread
increase rate, first we would like to underline, tthet rate of scattering for 9
CM system for multiple and single act process ritio

Ratefor multiplescatteringor 90°

: X Ne , (52)
Ratefor singleactscatteringor 90°
where
6
Ln =In Smax M (53)
Qmin 4pryndt

is Coulomb’s integralnt is the bunch density in a moving fram, stands for
the speed of transverse motion in a moving frame.

Formula for the speed of diffusion by small-angbattering in a moving frame,
where velocity of transverse motion is dominant &&nexpressed by simple
formula

dp® _ 4pe’nttn.

54
dtdc vae (54)
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which could be transformed in Lab system for the atbeh size
dominanceg b,® (hDy | p)?, as the following

2
d(ZE/E) # Ln.NrZ (55)

ds P G &8 Xeb,
Substitute  here  for  estimations b, @b, @Om; emittance  (not
invariant)e, @@, @10%m-rad, N @0’ (i.,e. 16(Q per bunch s @®06cm
d(LZE/E)?

(2p9), @@io® (500MeV), one can obtain @0 *[1/cm]. After

passage of full return loop having circumferencé&Bm this could raise the

energy spread up {AEI E)? @@x0 °.

Let we majorette the beam size generated benieegy jump generated in the
return arc and transferred to the entrance ofroalior (where it must be zero, if
counted from the entrance of the arc) as

DX @, LEE).

Estimate A,,,, @ *d- Cosﬁﬁ), where R stands for the bending radius of
magnets in arcn,,, —is the number of periods in arc. Fog,, = ,1R€10m,

one can obtaify,,, @000~ Cosf) @Scm and X @&0 cm, i.e. again the

size, comparable with the betatron one. So theetosd the beam current at
collimator location are extremely low under quieinditions and the mostly
function of collimator remains —its protection SRfodule from SR of bending
magnet.

Now let us come back to the description of amdlior which cross section
represented in Fig.7.

Water jacket : Collimator body
. L]
Graphite/W _|
5%
Polyethylene/ [ || | | Boron Carbide
Paraffine | ‘ .

Lead /

f——————— A cm————————

Figure 7: Cross section of collimataith surrounding neutron protection shield.
Inner diameter of aperture is ~10mm. Lead shielddbe extended, if
necessary, in any direction towards the personoeking area.
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Figure 8: SRF module, collimator covered by shiskttioned bending magnet at
the end of returning arc.

Water jacket serves two purposes: cooling and sigwiown neutrons, although
the thickness of water jacket is not enough fok$uble moderation. Some laxv
material (Polyethylene) could wrap the body of icefitor in addition to the
shown.

Figure 9: Scaled view on the fragment of Fig.8.

Boron Carbide (BC) is produced in tonnage quantities, so therevipnoblem in
acquiring necessary amount.

In addition to passive absorption and scatjesne can suggest an installation
behind this collimator another one, made as tha @ginder with central hole
bigger, than the one in a Carbon/W collimator. Tadslitional collimator with
Iron magnetized in azimuthtal direction supposesb&md charged tailored
secondary patrticles inside the iron out from forvdirection. In this geometry
the azimuthtal induction B~15-20G can be reached with a small axial current
running in cylindrical Copper-made enclosure colxath central vacuum
chamber (or even through the Iron). Again, themmabblem with such type of
collimator associated with fringe fields.

6.2. Photon Collimator.As we mentioned, attenuation of gamma-flux (see
Fig.10) is less, than attenuation of electron béaPMeV/g/cm?), as the photons,
must be transform theirs energy to electrons by @omscattering. Then these
electrons loose its energy either by ionizatiomeflia or by pair creation.
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Figure 10: Attenuation of gammas in different mgdia).

Gamma flux in ILC positron conversion system hasgroup to 100W DC and
energy spectrum is limited by ~100MeV. Cut off fuegcy of the first undulator
harmonics lies in ~1MeV, but the main purpose of collimator here-to cuosel
and higher harmonics as they reduced polarizatioth® photon flux. From
Figure 10, the photon mass attenuation length 26r MeV photons is ~60 g/cm
So for carbon this will correspond to ~120 cm Iénghich will reduce the photon
flux ~3 times only. So for increase efficiency ssfstem one can introduce thin
baffles of high Z material (having low critical egg), which will help to convert
the photons into electron-positron pairs, which rammoderated in low Z media.
In positron production system of ILC, the baselioetarget is a Ti, which has
~0.5%y , so the gamma-beam loses ~15% of its flux. Adinoator must cut
(absorb) ~50% of all 1W (max), distribution of these losses in volume is
necessary for reduction of thermal stress. So weed® combination of PG and
Ti baffles, Fig 11. The thickness of baffles mayywhom thin at the entrance to
the thick at the exit. The photons affected (scatteby collimator does not affect
efficiency of conversion system.

Figure 11: PG and Ti discs.
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Again, PG discs have good electric and thermal gotinty across in direction to
the threaded side. All components of collimatorsirewn in Fig. 12.

Figure 12: Structure of high-energy gamma-collimdbo high power beam.

The same principle can be used in design of baffldtimator for wigglers or
undulators which are planned at ERL.

7. BEAM DUMP

Again, the beam dumps for electron and photamdike collimators, have a
lot of in common. However, to be absorbed, the gantbimam first needs to be
transformed into electrons/positrons. This needsbéo done gently, without
exceeding allowable power density. One other diffiee is that for
electron/positron dump, the sweeping procedure tmiogh extremely effective,
while for gammas the sweep across the target cbeldobtained only by
mechanical sweep of absorber itself. Meanwhile gmee helps only in
distributing the average power over the large gxedume), but it is useless
against heating, caused by incidence of a singie,teven bunch.

Below we are considering the electron dumpHEBL as example and then a
gamma dump for ILC positron conversion system.

7.1. Electron Dump. Beam dump in ERL designedtds able to accept 15
MeV beam with 0.1A DC current, i.e. ~1.5 MW of C\Wwger or E,;, =1.5 MJ per

second. Water flow ~5 Liters per second could besiciered as absolute minimal
amount required here for temperature jump °€70 as

= 15x0°
m
C, @0»4.18&03

required here similar to what it is done in nuclesactors.
In inner cooling loop such coolant as PbBi al{oyelt temp ~15%C) could be
used. Some fraction of energy could be depositeectly into PbBi coolant.

@®.12kg/sec. Two stage cooling system more likely
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Water used in outer loop. For pumping PbBi coolduiare are well developed
techniques with magneto dynamical pumps. OrdinaBtegl gear pump could be
used here as well.

As alternative to PbBi coolant the two loop wasgstem with vaporization
cooling in first (hot) loop could be considered édnas less exotic device. In case
of vaporization cooling, which uses latent heataborization, this amount would
be the same for the external heat exchanger; ting@etature 100 deg C is a
minimal one in this case. BiPb coolant allows mawenpact design, but definitely
water cooling system looks more attractive for suekhatively low energy
deposition, like it is in ERL case.

Again, Pyrolithic Graphite is suggested agamtf end absorber. The rate of
energy loss by electrons ¥eV/g/cnt yields full energy absorption at ~5 cm
distance for 15-MeV electron beam as the ionizalimses are dominant here —
this gives an idea of longitudinal size of Carbequired.

Single loop cooling system will require ratltmveloped area and more likely
higher thermal gradients. From the other hand susystem looks simpler.

As the energy of the beam lies below the threstadldohoto-production in

Graphite, neutrons expected only from inclusionsuafiesirable isotopes of
Carbon and from irradiation of heavy elements of ttese (StSteel). Two
independent dump systems required more likely,evbjderational is the only one
at every moment, keeping another one as a sparewilhreduce down period in

case of repairing work at this system. Switchingwieen them could be either
mechanical or by changing the beam optics. Rigiw mee think that simple

mechanical shift of all system is a more simple wagroceed.

One important nuance here is that the bundmeisjng to the dump system,
carry significant RF power, about the same as D@epwf the beam. So if the
dump cavity has resonant frequency nearby the H2, Ghen the beam could
power the dump cavity. Voltage developed could me@e even overwhelm the
energy of incident beam) producing sparking andRifing inside the volume of
dump system. So we paid attention to this possibiti our design (Fig. 13)
making parasitic cavities as small as possible.

Figure 13: The concept of an electron dump systeth wapor cooling in first
stage. Two-phase flow comes out through periphaka(s). Coolant enters at the
center. Entrance orifice has diameter 4 in.
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Figure 14: Isometric view ore’ beam dump.

Conical shape of graphite absorber tightened byngimg nut, allows easy
expansion while temperature rises as the cone skapans alike.

The beam dump unit designed is pretty compact,ngadimensions of an 1/8 of a
cubic meter total (two loops system with pump).

Adequate vacuum pumping required in this regimwever the PG outgassing
is minimal. Safety vacuum valves required for &g beam dump from the other
system in case of emergency and for commissioning.

Blocking elements serve for protection againstufailof any power supply of
critical elements such as solenoid, bending magmeal sweeping device.
Appropriate shielding will be required for this des.

7.2. Photon dump.This type of beam dump could be recommended for
absorption of used gamma-beam in ILC conversioteays Similar system could
be used for dump the radiation from insertion defgsf of ERL.

Figure 15: The concept of gamma beam dump.
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Figure 16: Isometric view on gamma-absorber.

In Figure 17 below there are shown trajectoriesndividual 25MeV incident
photons and gammas calculated with code CONVER [20]

Figure 17: Trajectories of positrons (red) and gasifwhite) in baffled absorber
as they developed it time (from left to right, fraap to bottom).
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Despite the formula (48) derived for incident elens, we can apply it to the
photons, as finally all photons will be convertedoi electrons/positrons, so this
formula we serve as majorette for the activity. Sitbte Z=22, P=100kW, one
can estimate for distané&1 m

D(rem/ hour) @3> 0-73£W2] @3&2‘”3@
R 1
Of cause, this is a big number, but during openatio personnel will be present
around; what is important—an activation of surrangdmaterials induced by this
neutron flux. Utilization of lowZ materials is crucial here.
7.3. Electron and Gamma-beam positioning monitor
Anisotropic electric conductivity of PG allowdegant solution for gamma
position monitor, Fig. 18. Standard PG disc hasress; milled to some
depth~2mm. As the electric conductivity of PG iulied direction is 1000 times
bigger, than along axis, such grooves arrange setgehenonitor.

@88.8krem/ hour .

Figure 18: The gamma-beam position monitor conde@.has low conductivity
along axis. Segments arranged by narrow grove&ibdly.

At the threaded surface some radial lowerings amdaras it is shown in Fig.18.
These lowerings metalized and each having galvaontact with a wire, running
out of absorber in a grooves. When the gamma/elefgtositron beam hits the
PG, electrons are knocked from segment media igittinal direction need to
be restored, so the current is running to segnmemwes as the measure of amount
of knocked electrons. Analyzing the difference ignals from all wires, one can
restore the center of gravity of the beam centrdite similar device could be
implemented in collimator as well.

8. SUMMARY

Concepts put in grounds of collimator and absordesign are clear and
straightforward. The basis is in making the fgtgtge of collimator/absorber from
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low Z material-Pyrolithic Graphite, and the second gggiEom highZ material
(Tungsten, Ti).

Usage of Pyrolithic Graphite allows the colliorato withstand direct hit of the
beam train and make soft cut of halo. We do notuelecusage of less expensive
commercial-grade graphite in combined with PG. ldsag Carbon Fiber
reinforced Graphite is also possible here, as ghinhelp withstand the shock
waves induced in the collimator body.

Neutron yield reduced by usage of Graphite lbgaan stopper at first, and then
by the usage of water and Hydrogen saturated pafdfyethylene for
moderation of neutrons, and, finally, by usage ofdd Carbide for low energy
neutron absorption. Lead housing wraps the cotbmsystem. Usage of Iron as a
material for protecting shield requires careful sideration of fringe fields
associated with this easily magnetized media.

The collimator installedn front of South linacserves for halo cut and for
protection of SRF module from exposure to SR. Simdollimators installed at
the entrance of North linacombined with fast kicker serves for protection of
North SRF module triggered by failure of electroource and in case of
emergencyDesign of such fast kicker will be described ireparate publication
So these two collimators look as minimal requirad for ERL.

One additional collimator could be installedain front of ERL Demerger.
Small aperture of collimato£ 10mm in diameter allow prevention of SRF
module, as SR touches module at significant digtdrom the entrance of SRF
module, so the requirements for the bending figlehgth could be reduced.

Insertion devices could be protected by thietgf collimator alsb
A concept for the beam dump considered here; thmmpdis able to absorb 1.5
MW of DC power. It is also could be used in gammasbelump of ILC, for
absorption of up to 100kW of gamma flux, generateastly by first harmonic
with energy of photon ~1BleV. So as this energy is below the thresholdgoh( )

reaction for Carbon the neutron flux expected bdllow also.

So the general conclusion for ERL is that irsecaf stationary (“quiet”)
conditions, where the losses majoretted byCGm the dose generated by such
losses is well within allowed, so collimators reggi in the system only for some
critical situation, inevitable in long term explaiion.

One additional possibility for reduction of expoe of personnel in ERL
complex might be in installation of beam channdé/aed, above the human
height and utilization of thin lead protection stseewrapping the vacuum
chamber.

° Latest design of undulator with SC conductor a#iohaving helical undulator with period
~25mm open aperture ~b@nandK~1.0 with the possibility to change polarization dhanging
current in set of helical windings.

31



9. REFERENCES

[1] G.H. Hoffstaetter, I.V. Bazarov, S.A. Belomegth, D.H. Bilderback, M.G.
Billing, G.W. Codner, J.A. Crittenden, B.M. DunhaM,P. Ehrlichman, K.D.
Finkelstein, M.J. Forster, S. Greenwald, S.M. GruweO. Kostroun, Y. Li,
M.U. Liepe, C.E. Mayes, H.S. Padamsee, S.B. Pedi, Rice, D.C. Sagan,
Ch. Spethmann, A.B. Temnykh, M. Tigner, Y. Xi€Hallenges for Beams in
an ERL extension to CESRVMOPCO056, Proceedings of EPAC08, Genoa,
Italy, pp.190-192,2008 , Report Cornell ERL0O8-3020

[2] G.H.Hoffstaetter, T.TanabeReducing Radiation on RF Cavity Surfaces in
the Proposed Cornell Energy-Recovery LihaReport Cornell ERL0O4-2,
2004.

G.H.Hoffstaetter, M.Liepe, T.TanabeRé&ducing Radiation on RF Cavity
Surfaces in an Energy-Recovery LihdePAC2004, Lucerne, CH; ERLO4-6.
[3] A.A.Mikhailichenko, “Longitudinal Damping System with two Transverse

Kickers, CBN 96-10, Cornell 1996.
Also: PACO03, Portland, Oregon, 12-16 May 20@&ceedings, p.2781.

[4] A.A.Mikhailichenko, “Collimator for ILC’, EPAC2006, Edinburgh, UK, June
26-29 2006, MOPLS105, Proceedings, pp.807-809.

[5] S. Hayakawa, Cosmic Ray PhysitsWiley-Interscience, 19609.

[6] T.A.Vsevolojskaya, A.A.Mikhailichenko, G.l.Siéstrov, A.N.Cherniakin,To
the Project of Conversion System for Obtaining Hoéal Beams at VLEPP
Comple¥, internal report BINP, Novosibirsk, 1986.

[7] J.R.Haines, C.C. Tsai, P.T. Spampinatdufhmary of Graphite Sublimation
Tests$, Neutrino Factory and Muon Collider Collaboratidveeting, Shelter
Island, NY, May 9-15, 2002.

[8] M.l Aizatskiy, A.M. Dovbnya, .M. ProkhoretsS.l. Prokhorets, Y.V.
Rudychev, M.A. Khazhmuradov,Mathematical Modeling of a Neutron
Production Target of an Electron Accelerator DrivBubcritical Assembly

Problems of Atomic Science and Technology. 20062, Series:Nuclear
Physics Investigations (46), p.28-30.

[9] V..Noga, Yu.N.Banyuk, Yu.N.Telegin,Photoproduction of neutrons in a
Thick Target, Translated from Atomnaya Energiya, Vol. 47, NKsg.pp. 183—
184, September, 1979.

[10] Particle Physics BookleParticle Data Group, LBNL, Berkeley, CA 94720-
8166.

[11] W.P.Swanson, Calculation of Neutron Yields Released by Electrons
Incident on Selected MaterialsHealth Physics, Vol.35, pp.353-367, 1978.
[12] I. Tamm, S.Belen’ky, On the Soft Component of Cosmic Rays at Sea’l.evel

J.Phys.(U.S.S.R), 177 (1939).

[13] N.G.Gusev, V.P. Mashkovich, A.P.Suvorowhysical Foundations for
Protection against RadiatidnMoscow, Atomizdat, 1980, Vol. 1, 461 pp., (in
Russian).

[14] G.Bathlow, E.Freytag, K.Teschiteasurements on 6.3 GeV Electromagnetic
Cascade-Produced Neutrdndlucl. Phys.B2, 669(1967).

32



[15] B.L.Berman, Atlas of Photoneutron Cross Sections Obtained with
Monoenergetic Photoiis Bicentennial Edition, LLL, Report No.UCRL-
78482 (1979), also in Atom. Data &Nucl Data Tall&s421(1975).

[16] L.W.Jones, K.M.Terwilliger, Photoneutron Production Excitation
Functions to 320 MeéWhys. Rev91, 699(1953).

[17] R.Montalbetti, L.Katz, J. GoldembergPHhotoneutron Cross Sectidns
Phys.Rev91, 659 (1953).

[18] Ya.B.Zeldovich, Yu.P.Raizer,”"Physics of Shock Waves and High-
Temperature Hydrodynamic Phenomé&néol.ll, Academic Press Inc. 1967.

[19] See http://physics.nist.gov/PhysRefData .

[20] A.D. Bukin, "Choice of Optimal Positron Converter for Low EneBgant
(in Russian), Preprint INP 90 —100,Novsibirsk, 1990

33



