- TM- 493
national accelerator laboratory 2255

A HIGH INTENSITY RF BEAM

Joseph Lach
May 22, 1974

The last year has seen a significant advancement in the
state of the art of the radio-frequency separator technology
and it is the aim of this note to reasses the potentials of

such devices for NAL in the light of these developments.

Recent Developments

In 1972 NAL supported a development program at Brook-
haven National Laboratory (BNL) aimed at producing a seven
cell prototype of a superconducting rf separator at X-band
(8.7 GHz). Last year the BNL group successfully completed
such a structure and measured its properties. Their results
are described in Ref. 1. From these studies it was then
possible to specify, for the first time, a set of realistic
design parameters for an rf separator which could be then
used in a beam design. The design parameter table, taken
from Ref. 1, is reproduced here as Téble I. The purpose of
this note is to investigate the properties of an rf beam

which could be built using deflectors with these parameters.

The Deflectors

Oonly a few of the parameters of Table I are relevant
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for the ortical design of the beam. These are the operating
freauency 8.665 GHz, the diameter of the deflector aperature,
13.3 mm, the length of the deflector and the transverse
momentun, P‘,imparted by the deflectors. We will consider
two possibig lengths, A and B. The former will be 2.29 m
long and will have.g_= 10.8 MeV/c; the latter 3.43 m and

P|= 16 MeV/c. The deflector material is high purity Niobium
and is designed to operate at 1.5°K. The reader is referred

to Ref. 1 for more details of the deflectinc structure.

Scaling a Previous Desian

2
2 rather complete design was made for an X-band rf beam

in 1965 and althouch the deflection parameters must be modi-
fied the same kasic three deflector desiaon can be used. In
fact we will simply scale the qraphs showing the romentum
regions where separation is pcssible to the frequency and
beam length of interest here. We will assume a bkeam with

the following parameters and component lencths.

250 m Momentum analvsis section, re-imacgining

section, and momentum recombination section.
357 m Separation between deflecteor 1 and deflector 2.
643 m Separation between deflector 2 and deflector 3.
250 m Stopper section, second momertur analysis

section, purificaticn secticn, shaping secticn.
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The above represents a three deflector beam with the total
lengths of the deflector sections of 1000 m and a total beam
length of 1500 m. No detailed optical design has been done
but from previous experience the parameters seem reasonable
and will be sufficient for us to estimate fluxes, regions of
separation, etc. In our subsequent discussion we will assume
that our beam consists of three components: pions, kaons,

and protons (or antiprotons).

Momentum Regions of Separation

We can represent the momentum regions where separation
is practical in a convenient way if we plot the difference
in average angular deflection (actually the difference in
the magnitudes) between any two particle types of interest
when we have adjusted the deflector phases to cancel the
deflection of the third particle. This can be done if we
just use two of our three deflectors; here we will use the
outer two and turn the middle one off. We can then consider
a number of cases.

1. Adjust phase so that the proton net deflections,

Ap = 0. We then plot the difference in the ampli-
tudes of the pions, [A | and the kaons, |Ak|. This
is shown in Fig. 1. The units are such that the
deflection from a single deflector, Opye is one.
Hence if the natural angular divergence of the

beam in the first deflector, Qyz e is equal to op
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then good separation is achieved for momentun
regions where the [|A ?Ak”> 1. If this ratic

av/aD = n =.0.5 then good separation can be achieved

whenever [Aﬂ[-[AkI > 0.5 and so on. From Fig. 1
wn see that there is a region of easv 7 separation
ot about 95 GeV/c and then a broed reagion of K separa-
tien just above 100 GeV/c.
2. Adjust phase so that the pion net cdeflecticns
A= 0. Ve plot !Ap[mlAk[ in Fig. 2. FHere we
sece the clean kaon sernzration rcgion near 160 GeV/c.
3. Adjust phase so that kaon net deflection A = 0.
We plot ‘Aﬁl—lAb! in Fig..3. Here we see a sharp
region of clean picn separation just under 100 GeV/c
and then a broad recion of proton separation near
160 GeV/c.
If 211 three deflectors are used it is possible to
determine = set cf phases and deflector anplitudes which cive
us zero net deflection for two particle types and in general

2
a finite deflection for the third. As in the previous twc

(1}

lector case the vnits are such that the Jdeflection from

[N

e ]

a single deflector is pone. Ficures 4 - 6 show the resultant
deflactinn amplitudes for ricns, kaons eand protonc as a
functicn of menentum when the deflection amplitude of both

unwanted rarticles have been szet to zerc.
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The condition described in the previous paragraph of
using three deflectors and édjusting the deflector parameters
to zero net deflection for both unwanted particles is a very
stringent condition. The practice with existing rf beams is
that one can relax some of these conditions and get adequate
separation at momentum +30% higher than one would expect from
the previous discussion. This means that this beam would be
adequate for pion separation up to momentum of about 200 GeV/c.
Certain trade offs of purity for intensity can be achieved and
these momentum limits can be pushed higher. One could certain-
ly go up to 200 GeV/c to suppress protons in order to get an
enriched 7t beam if one did not worry about the X' contamina-
tion. In general one can say that regions of useful particle
separation will extend throughout the momentum region of 100-

200 GeV/c.

Deflector Acceptance and Beam Solid Angle

Given the properties of the deflectors we would now like

to investigate what limitations this puts on the solid angle
3

acceptance hence flux of the beam. It can be shown that the

maximum vertical and horizontal angular acceptance, oy and By

at the target is given by

D {s-28 of (2 + 1) 3

Oy = tvn , n
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2
PR N
11 4tH£
where On = angular acceptance (1/2 angle) of single
deflector
a = aperture of deflector
9 = length of deflector
-1/2 _ _ . . v a
s = 8 a = 1/2 side of inscribed scquare
ty = target 1/2 height
ty = tarcet 1/2 width

my, = verticle magnification from target

to deflector

_ OLDIRV

n = —_——

By

Once Oy end oy are determined we con write the sclid angle
acceptance i as

n =
\; T OLV OLI 1

We have assumed that the serzsraticn pler2 is the verticle

.

lane. Fig. 7 is a plct of Q as & function of mecmentum for

o]

the deflector lengths A and B. Also plotted is @ if the rf
were turned off but with the deflectors in place; i.e. the
acceptance limitation of the unpowered deflectors. 1In these

computations we have assumed n = 1 and ty =ty = G.5 mm.
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We see from Fig. 7 that the deflectors allow for very large
solid angle acceptances. In fact for beams in the 100 - 200
GeV/c range the limitation would not be the deflectors but
the aperature of the beam transport magnets. The very impor-
tant conclusion is that to a first approximation the deflec-

tors we have chosen do not limit the solid angle acceptance

of our beam.

ions

In our flux estimates we will use the Wang" cross section
parameterization which has the beauty that it can be written
in closed form and easily integrated. We will integrate
the Wang distribution out to some angle centered about the
forward direction and for the solid angle corresponding to
this angle plot g%ﬂ the number of produced T per Ap/p per
interacting proton as a function of secondary momentum. This
is shown in Fig. 8. Here we have assumed 300 GeV protons in-
cident on a light target and an azimuthally symmetric solid
angle bite centered on zero degrees. We note that the flux
increaées rapidly as a function of solid angle for small values
of solid angle and then reaches an asymtodic value indicated’
on the figure for each momentum. Thus little flux is to be
gained by going to very large acceptances. Figures 9 and 10

show similar graphs for incident energies of 500 and 1000

GeV respectively. The effect is even more pronounced here.



TM—493

[a]
-8-
pnn2y rregca,
Foxr boamis of kilemztor lengilhis losces dua to the decay

-

nd arc in fact what puts

[}

of the particles can bz substantial
the lcwer r-o-ntum limit 0 cur X fluxes. This cen be seen
in Fig. 11 wheore wo plot the fraction of K* surviving versus
length for various momenta. For our 1.S5Km keam at 100 CeV/c
only 13.€% survive to the end, at 20C GeV/c this increases

to 36.8%. Although these logzes are substantial we are still
left with very intensz kaon bcams. Figure 12 shows & similar

+ . . .
loss plot for 77 . Eere the losses are not seriocus for our

1.5Km beam.

Fluxes.

. - +
We will use the 1~ and 7' fluxes &5 computed from the Wang®

formula and thes recently measured particlc preduction ratics®
to estimate fluxes for the other particles. Figure 13 shows
these ratios using a Beryllium target viewed at 3.6 mr. Here

X is the ratin of laboratory seceordary mementa to the incident
momentum and we have assured that the K/w, P/t 2nd p/w+ ratios

depend only on X and are given by the meesurerents of Ref. 5.
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From Fig. 7 we see that a reasonable solid angle for our
separated beam is 5 usr. This is a very large solid angle
beam by NAL standards and will probably require building of
new high quality optical components.

We are now able to compute our secondary fluxes at the
end of the beam line with the following assumptions.
Beryllium Target

1 . 1013

interacting protons per pulse.
a solid angle of 5 usr centered at zero degrees.
a momentum bite of 2%.
a 50% stopper 1loss.
Decay losses for a 1l.5Km beam line.
Figures 14 - 16 show the resultant fluxes for 300, 500,
and 1000 GeV incident protons. One sees that the fluxes are
very large indeed. One also sees that very substantial gains

are made for secondary momentum of 100 - 200 GeV/c by using

primary protons of 500 or 1000 GeV.

13 protons can be inter-

Targeting: We have assumed that 1°10
acted in a target of 1 X 1 mm.? The accelerator beam emit-
tance is in principle good enough to do this and we are
getting more experience in stabilizing the external beam to
hit small targets. Target heating probleﬁs are severe.

For ease in cooling, the target could be a horizontal ribbon

so that it is well defined in the separation plane; it would

probably be sufficient to let the beam spot itself define



TM—493

-10~

the horizontal target extent.

will certailly mean the use of high aperature quadrupoles
and bending magnets (4" or 8"?) as well as magnets of good
optical properties. Recall that angles in the deflector
sections must be defined to better than 0.05 mf. The
magnifications from target to deflector are between five
and ten, not nearly as difficult as in Ref. 2, but still
challenging. We would also like this beam to transport a
large moméntum bite. A momentum bite of 2% is thought to
be attainable, one might even do a little better than that.
The optical problems of such a beam are difficult but look
realizable with a careful and thorouch design. No such

detailed design has yet been undertzken.

Anisochronism: There will exist a rf rhase spread of the

beam due to the fact that we will have a finite momentum
bite.2 To keep the imace of the unwanted particles from
smeaiing into the wanted particles this phase spread should
be kept to about 0.1 radius. This is only serious when we
are trying to reject protons since it is the protons which
will have the largest spread in velocity for a given momentum
bite. This condition limits the useful momentum acceptance

of the bean to about 2% at 100 GeV/c. It is not serious at

higher momenta.
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Muons: The problem of muons within the beam phase space,
mostly resulling from pion decays in the interdeflector
regions, is not too serious but muons in the general down-
stream area of the beam have to be carefully studied. This

could be a limitation for certain experiments.

1
The Deflectors: A workable deflector design has been described

but it is probably not yet optimized for our applications

For example it may be possible to increase the aperture ©Of
the deflectorss. This would be useful not because of the
increased acceptance but because it would then be possible

to operate at higher frequencies with the associated scaling
down of the aperture. The aperture 1limit is probably set
by the purely technical requirement that the internal electron
beam welds must be machined from the inside and the aperture
must be big enough to allow a cutting tool to enter the cell.
So an optimization of the deflector design which would allow
for larger apertiures (at a given frequency) would allow us

to operate at higher frequencies and hence higher momenta.
Many problems associated with the deflectors have not yet

been discussed such as phasing of the deflectors, tuning of
the frequencies and pressure stabilization. Again none seem
insurmountable but all are staté of the art items which require

careful, thorough and creative engineering.

Location and Configuration: This major new beam line is about

1.5Km long and would require a new targeting area. The most
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natural place for this would be near the so called "Q stub"
and, in fact, this should be considered as a candidate for
the Q area. Configured in this way the beam line would run
nearly parallel to the neutrino area and to the east of it.
It would be practical to kick out a small amount of beam for
the bubble chambers. This parasitic bubble chamber operation
was incorporated into the design of Ref. 2 and shculd be

done here also. Besides the kicker for the bubble chamber
beams a switch capable of delivering beam to either of two
experimental set ups should also be made an integral part of

the design.

Schedules and Cost

At this time NAL has the technical expertise to build
all of the components of this beam except for the separators
themselves. The feasibility of the deflectors was demonstrated
for us by the BNL group but if actual structures are to be
buil& they should bedone at NAL. The next step would be the
construction of a 1 m section. This could probably be realized
18 - 24 months after a NAL separator group were constituted.
With proper priorities and a well organized deliberate effort
this beam could be operational in 2 1/2 - 3 years after the
project was initiated. No detailed cost estimates have been
made but it is expected that the complete project would be in

the range of 5 - 10 million dollars.
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Conclusion

We propose a new experimental area whose major facility
will be a high intencity spatially separated beams of ﬁi,
K* and P. Within the last year the technically feasibility
of the major components has been demonstrated. This beam
would provide fluxes of the above secondary particles two to

three orders of magnitude higher than previously available

and open up a new region of particle physics. Some of the
physics potentials of this beam are discussed in another
note.7

This document is intended to open the discussion as to
whether the physics potential of this device is worth the

cost of construction. This is the over riding consideration

which must enter into the decision to construct this device.
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TABLE I
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Design parameters for a multiperiodic T-mode-like X-band deflecting cavity

Frequency, (GHz) :

Cell length, (mm)

Iris thickness, (mm)

Iris hole diameter, (mm)

Magnetic field ration Hp/Eo’ (Gmv m-l)
Electric field ratio Ep,Eo

Peak magnetic field on iris Hp, (G)
Peak electric field on iris Ep, (MV/m)
Equivalent deflecting field Eo’ MV/m)
Shunt Impedance/Q, (Q/m)

Improvement factor

Shunt impedance, (/m)

Number of sections

Total length, (m)

Number of cells, middle section

Number of cells, end sections
Transverse momentum per cavity, (MeV/c)

rf power loss per cavity (W)

2.1

8.665
17.3
6.7
13.3
107
3.63
500
17
4.7
4730

5)(104

3)(106

2.29
3x33
2 X 16%

10.8

24

3.43
5 X 33
2 X 16%

16

36
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Figure 8

100 ] T 1 | m T

- 300 GeV PROTONS INCIDENT y
- T~ FLUXES (WANG) ‘

'0"5 RS | 1



77~ PER INTERACTING PROTON
5 5
N

dN
dp

P
S,

107

-24-

TM—493
F‘ijure 9

{ | 1 | J | ]
~ 500 GeV PROTONS INCIDENT -
~ T~ FLUXES (WANG) N
I 24
- o 50 ]
- 200 o6l
I 250 028 -

300 o2
/; Jole! 7 A
'/ 400 006 ]
- / .
I 450 00038 _
r/ -

| | i 1. 1 ]
10 20 30 420 50 60 70



"PER INTERACTING PROTON

dN
Pdp77'

25

Fi_ure 10

! I 1 1 L ]
i I0O00 Gev PROTONS INCIDENT :
77~ FLUXES (WANG) 4_,_31'_?__
B 20 2% |
B \ 200 121 -
f 400 06| JH
i 500 028 |
/ 600 ol
v - -
- 700 0047
_.//,,————" -
- 800 0016
vyl ]
i 900 000376,
-
R -
] i 1 1 1 ]
0] 20 30 40 50 o0 70

£ [LSR

TM—4923



lo ) i 1 i 1
Ol —
- "
> i
>
::, L
a-
>
) Ol
- B
Q -
" 3
i 2
o <
LL. u O
00l [~ ~
~ SURVIVAL FRACTION B
VS
| LENGTH i
K..
.O i | L 1 i |
OOlO 500 1500 2500 3500

-26- TM—493
Figure 11

DISTANCE (METERS)



FRACTION SURVIVING

~
N

O
S

0.1

_27-

Figure 12

TM—493

SURVIVAL FRACTION
VS

LENGTH
T 1

1

O

|‘5(I)O 25100
DISTANCE (METERS)

500

3500



- Grm DOFT‘C‘G/ D'G;Y..fllCie r(]’no

LR |

T

" Liz00 Gave—

10

v - 200 Ge\_//c--..
. -6 bt ‘

v
-\ i
A

_;'. _pdrﬂC|e/p{6h:',-r'd’rll'cs"

0

A y .

~0 02

04 06

X

08

e

10

TM—493

Pigure 13

3

;20 GeVt-—:.

Y

.I _L g

[ A.' y
02 . 04

E
6

08 10 .



PARTICLES PER PULSE

"
0" I T T .
- 300 GeV PROTONS INCIDENT =
- P _
0% / _
9 —
10 CT o__-~§\1>\\\\\\\b.77"+ -
—- c>-~\\\\\0\\\\\\\\\37nr- )
08— -
- (///0‘\\”K+ -
107 7
i ]
- -
|()€5 L K™ —
T .
- | -
- ﬁs -
|05 1 1 . ]
@) 100 200 300

-20-

TM—493

Fiowie 14

MOMENTUM GeV/c



PARTICLES PER PULSE

IO“

10°

(@)
®

U R

@)
ﬂ

LI I

-30-

Figure 15

TM—493

U B |

S00 Gev PROTONS INCIDENT

L1

1

100 200 300
MOMENTUM GeV/c



PARTICLES PER PULSE

-31-

Figu

~ 10

TM—493

IO“

I

|OIO

llll

o
o
T 1]

108

of

llll

10

——

1000 GeV PROTONS INCIDENT

A

10°

150 500
MOMENTUM GeV/c

|
300



