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ABSTRACT. To detect conditions and te forestall events in which an electron or
positron beam might otherwise melt a hole in its LC arc vacuum chamber, and to
provide information on the magnitude and locatic. of these and other, less harmful,
beam losses, it is planned Lo install two PLIC* caoles along each arc, one on each
side of the magnet string. A similar system (but vith one long ion chamber) has
been in use at SLAC for 20 vears.

Electromagnetic shower calculations have been (nade to estimate the ion cham-
ber signals which will be produced in the new system, making use of data from the
old system.

It is estimated that a potentially damaging bear. loss in a SLC arc will give
rise to an ion chamber signal pulse with an amplitude 'n the order of 2 to 5 volts.
Depending upon the location of a beam loss, sensitivit- may vary from its average
value by as much as 40 percent. Most of this signal is du .o charged particles in the
electromagnetic shower that are able to escape the magi.«tic field and reach PLIC.

INTRODUCTION.

The PLIC along the SLAC accelerator provides a means of shutting off the
machine in case of excessive local beam loss and furnishes diagonostic aid for oper-
ation of the beam. A similar PLIC system will be installed along the collider arcs.
The purpose of this note is to better understand the nature of the signal that is to
be expected from an inadvertant beam loss along these arcs using data taken with
the accelerator PLIC system.

Measurements have been made by purposely steering a 7 GeV electron beam
into a section of the SLAC accelerator wave guide®, A PLIC signal of ¥y = 2 volts
was observed, corresponding to an incident (scaled) beam power of Fy = 10 kW
(Hg = 360 pps and Ty = 1.6 psec). Corresponding to the beam shutoff requirements
of the SLC arcs, a power level of P = 720 W (at H = 180 pps) has been assumed
for the present study. The pulse width of the SLC PLIC signal will be governed by
the coaxial cable "bandwidth”, and is expected to be T = 0.25 usec.

SIMPLE SCALING MODEL.

Under the assumption that the radiation environment for the two situations is
the same (i.e., same specirum and relative abundance), the voltage ezpeeted from
the SLC PLIC can be obtained from that measured by the accelerator PLIC using
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the expression
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where SLAC accelerator quantities have zero subscript, and where

F, Iy = fraction of energy escaping device (integrated along beam direction),
R, By = distance from shower core to PLIC = 16 or 200 cm, respectively,
S, Sp = arc length of circle subtended by PLIC = 2r or 2rg, respectively,
r,rp = outer radius of the PLIC cables = 3/16 or 3/4 in., respectively,
1,1p = mean chord length of particles traversing PLIC.

The mean chord length for randaomly oriented particle trajectories through
convex shaped volumes can be shown to be given byt

7= 4 X volume
surface area’

For a cylinder of length L we obtain

[4)(777'2.[1)
2arL(1 +r/L)
. 2r
T 1+r/L

T.-:

~2r forr << L.

After substituting the numerical values, we get

V =CV (—II%) = 1.44 (%) . (2)

. P T() H() r 2 _
o= (%) () (%) (5) -om-
The fraction of energy leaking out of either device (i.e., SLC beam pipe or accel-

erator wave guide), as well as the similarities and differences of the two radiation
environments, will be discussed in the following sections.

where
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SHOWER LEAKAGE CALCULATIONS.

Using the EGS4 program?, shower caiculations were done for the two situations
in question: the SLAC accelerator wave guide and the SLC beam pipe {excluding the
magnetic field, but with magnet iron in place). The fraction of shower energy exiting
either device and reaching PLIC was determined for a variety of conditions {e.g.,
origin of shower, angle of incidence, etc.). Energy spectrum data was also obtained
for both photons and charged particles. A full cylindrical geometry mockup was
used for the accelerator wave guide calculations. However, for efficiency reasons, a
semi-infinite slab geometry was used for the SLC arc caleulations.

SLC Are Caleulations—The geometry shown in Figure 1 was used in the EGS4
simulztion of the SLC arcs:*
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Fig. 1. EGS4 geometry used in SLC arec calculations.

In this figure the beam pipe is represented by the dark curved lines (actually, a pair
of two closely spaced lines) that extend from left to right (along the general direction
of the beam). The figure is purposely distorted such that the total horizontal
distance represents 1250 cm, whereas the vertical distance covers about 16 em on
either side of the beamn pipe. The cross-hatched ateas represent magnet iron and
the beam pipe material is aluminum. The rest of the regions in this geometry,
including the center of the beam pipe, are vacuum. As we have indicated, this slab
geometry is semi-infinite—i.e., the slabs extend forever into and out of the plane of
the paper.

The curvature of the SLC arcs was approximated by rotating the “horizontal”
sides of each slab by a slight amount while keeping the vertical sides of all slabs

¥ User Code fileid=UCPLIC21 MORTRAN
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parallel to one another. The amount of curvature applied at each point of rotation
was chosen such that the beam moved a distance of 1 cm after having traveled
a distance of 250 cm (i.e., the distance associated with each of the five magnets
depicted by the cross-hatching). It should be pointed out, however, that the overall
results were not greatly affected by the addition of curvature to the geometry.

In Figure 1 the circie and ray indicate the location and direction, respectively, of
an incident beam impinging upon the SLC beam pipe at a 1 mradian angle relative
to the surface of the particular slab at that position. The curved lines at the very
top and bottom of the figure designate the locations of the two PLIC cables, PLIC1
and PLIC2, respectively, that will be positioned 16 ¢m from the beam centerline,

Typical results are shown in Figure 2 (26 incident electrons at 50 GeV), where
the energy rcaching PLIC1 and PLIC2 is plotted as a [unction of the distance,
X{cm), along the beam direction. A significant fraction of the total incident beam
energy is observed to reach the PLIC surfaces—9.8% at PLICI and 3.7% at PLICZ2,
of which 40-60% is in the form of photon radiation (f.e., 3.7% and 2.3% for PLIC1
and PLIC2, respectively, in Figure 2). The average energy of the photon radiation
reaching either PLIC is 1 to 2 MeV, whereas the average charged particle energy is
10 to 20 MeV. The fraction of energy deposited in various slabs of the magnet iron
is also shown as a matter of general interest.

In order to determine if there is a sitnation in which the shower leakage is
effectively “hidden” from either or both PLICs, a series of calculations was done
for incident beam positions varying from 50 em to 550 cm. The results are shown
in Figure 3 for a beam directed toward PLICI, and in Figure 4 for a beam directed
toward PLIC2. Solid lines have been drawn through the points for the two PLICs
and a dotted line through the swn of the two signals, which is the quantity of
interest in Eq. (2). The encrgy percentage seen by an individual PLIC ranges from
2 to 20%. The sum, however, only varies from 12 to 22% because when one PLIC
becomes “hidden” the other becomes “visible”, and values in this range will be used
in Eq. (2).

The results of all the EGS4 caleunlations for the SLC arcs are summarized in Table 1.
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Fig. 2. Energy reaching surfaces of PLIC1 and PLIC2.
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Takie 1. Summary of EGS4 calculations for SLC PLICs.
Run ID Beam Beam Radiation [PLIC1,PLIC2|PLIC1 + PLIC2
Location (cm) Direction Component

K6J2A01 50 Toward PLIC1 5 2.07 | 3.86 5.93
et 6.06 | 1.95 8.01

v+ eE 8.13 | 5.81 13.94

K6J4A01 150 Toward PLIC1 " 1.32 | 6.22 7.54
et 2.22 | 6.18 8.40

v+ et 3.54 | 12.40 15.04

K6J6A01 250 Toward PLIC1 5 0.87 6.75 7.62
et 1.13 | 12.55 14.68
v+ et 2.00 { 20.30 22.30

KGJ8AO1 350 Toward PLICI y 1.80 1,38 6.18
et 237 | 8.186 10.53

v+ et 4.17 | 12.54 16.71

K8J10A01 450 Toward PLIC1 ~ 3.69 2.29 5.98
et 6.09 | 1.43 7.52
4+ et 9.78 | 3.72 13.50

K6J12A01 550 Toward FLIC1 v 2.07 3.53 5.60
et 6.08 | 1.65 1.73

4+ et 8.15 | 5.18 13.33

K4J2A01 50 Toward PLIC2 ¥ 2.322 5.33 7.65
et 4.79 | 8.0 12.98

v+ et 7.11 | 13.52 20.63

K4J4A01 150 Toward PLIC2 ¥ 1.71 4.16 5.87
et 2,53 | 6.57 9.10

~+et 4.24 | 10.73 14.97

K4J6A01 250 Toward PLIC2 ~ 2.08 23 5.31
et 2.24 | 7.22 0.46

~ + et 4.32 | 10.45 14.77

K4J8A0L 350 Toward PLIC2 p 201 | 3.58 5,59
et 2.90 | i2.55 5.45

o 4 et 491 | 6.13 11.04

K4J10A01 450 Toward PLIC2 + 2.84 5.79 8.63
et 5.74 | 5.87 11.61

5+ eE 8.58 ! 11.66 20.24

K4J12401 550 Toward PLIC2 ¥ 2.14 | 5.54 7.78
et 4.75 | 8.44 13.19

~+eE 6.80 | 13.98 20.87

Note: The numbers above give the percentage of the total incident energy reaching
one or both PLICs.
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Fig. 4. PLIC signals vs. incident beam location.

Accelerator Wave Guide Calculations—EGS4 calculations were also performed in

order to simulate the radiation escaping from a wave guide and reaching the PLIC
in the SLAC acceleraior tunnel*. A full cylindrical geometry mockup of the wave
guide was made using dimensions taken from reference 2 (which are consistent with
those in the SLAC Big Book® ). An accelerator length of 30 meters was used and

* User Code fileid==UCTPLIC1 MORTRAN.
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the radiation emanating from the device was scored at a radial distance of 200 cm,
corresponding to the actual location of the PLIC in the SLAC tunnel*.

The distribution of the energy rezching PLIC along its length is shown in
Figure 5, where essentially all of the signal is induced within a distance of about
15 meters measured from the shower origin. This is consistent with experimental
observation®.
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Fig., 5. Energy reaching the SLAC accelerator PLIC.

The total percentage within the histogram is 16.2%. Using this value of Fp in
Eq. (2), together with 12% < F < 22%, we obtain SLC PLIC voltages ranging from
1 to 2 volts. This result is valid provided that the radiation environments of the
two situations are identical (or reasonably so). We will now show that this is not
really the case and that a better scaling model is required.

The energy distribution of the photons and the charged particles was also scored
for the SLAC tunnel case and the average energy was found to be about 1 MeV for
photons and 10 MeV for charged particles—i.e., the quality of the radiation spectra
is essentially the same as for the SLC arc sitvation.

However, contrary to the SLC arc example in Figure 2 in which 40-60% of
the energy reaching the PLICs is in the form of photons, almost all of the en-
ergy reaching the accelerator PLIC is accounted for by photons (i.e., 15.0%(%) +
1.2%(e*} = 16.2%). An interesting and important question is therefore raised con-
cerning whether the signal measured by the PLIC in the SLAC tunnel is caused by
charged particles or photons escaping from the accelerator section, since the latter
must first convert into charged particles in order to register a signal in the PLIC

* Vacuum was vsed instead of air with no appreciable change in the results.
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gas. Furthermore, since the range of a 10 MeV electron is 4.3 meters in air and
0.6 cm in copper, a large number of the shower electrons will enter the PLIC gas,
particularly in the SLC arc case since the path through the air is smaller and the
electron-photon ratio is so much larger (e.g., see Table 1).

To answer the question regarding which component causes the signal, the cylin-
drical geometry used by EGS4 in the tunnel simulation was modified* to include
three cylindrical shells starting at the PLIC distance, £y = 200 cm, representing:

1. the PLIC cable insulation {1/8 inch polyethylene),
2. the outer wall of the cable (1/16 inch copper), and
3. the gas region (13/16 inch of argon at 2 atm.).

A precise geometry mockup is not expected to be important, although the thickness
of each layer should match reasonably well those of the accelerator PLIC. Charged
particles were tagged as they left the wave guide and passed through the 200 cm
vacuum toward the insulation-copper-gas. The energy deposition in the gas was
then scored by component. The results are given in Table 2 below.

Table 2. Energy conversion summary (accelerator PLIC simulation).
Radiation | Wave Guide| Deposition in | Deposition in { Discard Conversion
Component| Leakage [Insulation-Wall| Argon Gas | Region Efficiency
~ 15.0% 1.A0% 3.81% 0.60% | ay = 3.81/15.0 = 0.254
et 1.20% 0.470% 0.390% | 0.340% | ae = 0.390/1.20 = 0.325
7+ et 16.2% 2.10% 4.20% 9.90% oy + ac = 0.579

From this table one can calculate the relative conversion efficiency, a, for photons
in a PLIC-like device; namely,

o=

o
T __ =044,

any + Qe

(3)

which will be used in an improved scaling model that will be presented next.

* User Code fileid= UCTPLIC2Z MORTRAN.
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AN IMPROVED SCALING MODEL. We will assume that the relative conversion effi-
ciency of photons, as determined in the previous section for the accelerator PLIC,
can be applied to the case of the PLICs in the SLC arcs. Generalizing Eq. (2) into

component form gives
F
V., =CV, (_7)
1 T FD"

F,
Vos ¥ ()
e

where V = Vi, + V¢ is the voltage ezpected from the SLC PLIC system (i.e., PLIC1
+ PLIC2 total). The voltage measured with the accelerator PLIC can be written

and

Vo=Voy +Voe=aVp+ (1 -}V,

where « is given by Eq. {3). Combining these expressions, we get

F F.
V=CVyla=X + 1--a—‘—], 4
o |®Foy ( )FOe (4)

where in the previous section we obtained

F(p7 = 15.0%,
Foe = 1.20%,

o = 044,

and where the values for £y and F, are given in Table 1.

For example, the PLIC signal corresponding to the SLC arc case shown in Figure 2
(i.e., Run ID K6J10AQ1 of Table 1) gives:
; 5.98 1.52\]
= (0. L 44| — — Q. — || =5 .
vV = (0.72)(2.0) l04 (15_0) + (1 —0.44) (1.20” 5.3 valts

Using the data from Table 1 with Eq. (4), the PLIC signal voltages (PLIC1 +
PLIC2) are plotted in Figure 6 ac a function of the location of the incident beam
along the magnet structure for the two beam directions (toward PLIC1 or toward
PLIC2).
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The voltages, which range from 3 to 10 volts, are higher than the 1-2 vclt
nurbers calculated previously with the simpler model. However the magnetic field
associated with the SLC ar¢ was not taken into account in any of the calculations
presented in this study. Under the extireme condition where none of the charged
particles reach PLIC (i.e., F. = 0), Eq. (4) tells us that the PLIC signal voltage
would only be 0.25 to 0.36 volts.

CONCLUDING REMARKS. The calcuiations indicate that the leakage of charged par-
ticles from the relatively thin SLC beam pipe will giva PLIC signals in the range
of 0.3 to 10 volts, depending on the conditions under which the incident beam is
lost along the arcs and the effect of the magnetic field. Extending these numerical
calculations to include the transport of charged particles in a magnetic field would
prove difficuli and expensive, and therefore has not been done.

A relativistic electron with energy, W, emitted perpendicular to the pipe in a
horizonta! plane will have sufficient momentum to cross a fringing magnetic field,
B(z), if W > ce [ B(z)dz , which for a SLC arc magnet is about 6 MeV. For par-
ticles emitted parallel to the beam pipe the energy only has to be 3 MeV, Crudely
speaking, particles of one polarity will be deflected back into the pipe; their oppo-
sites may cross the field to the ion chamber. A reasonable guess may be that all
the photon and half the charged particle energy indicated in Table 1 contiibutes
to the signal. Applying this guess with Eq. {4} gives PLIC signals in the range of 2
to 5 volts.
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