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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBNL-42180
CBP Note-251

Instrumentation for the Absorbers in the .
Low * Insertions of the LHC**

William C. Turner
Center for Beam Physics
Lawrence Berkeley National Laboratory
University of California
Berkeley, California 94720

Submitted to Physical Review Special Topics —
Accelerators & Beams (PRST-AB)

August 1998

**This work was supported by the Director, Office of Energy Research, Office of High Energy and
Nuclear Physics, Division of High Energy Physics, of the U.S. Department of Energy under Contract
No. DE-AC 03-76SF00098. ‘ :




CBP Note 251

Instrumentation for the Absorbers in the Low f* Insertions of
‘the LHC**

W.C. Turner -
Lawrence Berkeley National Laboratory
Berkeley, CA 94720
13 Aug 1998

ABSTRACT

Concepts are examined for the measurement of luminosity, beam-beam separation and
transverse beam shape and size using the high flux of forward neutral particles produced at
the low ﬁ* (high luminosity) interaction points (IP's) of the LHC. At design luminosity -
1034 cm2sec1 the flux of neutrals striking the neutral beam absorbers (TAN) in front of
the D2 beam separation dipoles is high enough (~ 8 neutrons per bunch crossing with
mean energy 2.3 TeV) to allow measurement of luminosity with 1% precision in ~
1.8x103 bunch crossings and measurement of beam-beam separation at the collision point
with 0.10* precision in ~ 3x104 bunch crossings. An Argon ionization chamber placed
near the shower maximum ~ 22 cm inside the Cu neutral beam absorber is analyzed as a
possible detector. Background effects due to beam-gas interactions, beam-halo scraping,
beam crossing angle modulation and transverse drift of the IP are estimated and found to
be small compared to the anticipated signals. Extending these concepts to the front
quadrupole absorber (TAS) and segmenting the ionization chambers into four quadrants
allows additional measurements of the beam-beam crossing angle and the transverse
position of the IP.

1 Introduction

A high flux of forward neutral particles is produced when the 7 TeV proton beams of
the LHC are in collision at the high luminosity IP's (IP1 and IP5). Some of these neutrals
remain inside the beam pipe until reaching the outer beam separation dipole (D2) located
approximately +150 m from the IP. Absorbers (TAN) are placed just in front of D2 to
intercept the energetic neutrals and to prevent their energy deposition from guenching D2
and the outer matching quadrupoles (Q4 to Q6). At design luminosity 1034 cm2sec-1
about 210 W is deposited in the neutral absorbers by hadronic and electromagnetic showers
as estimated by the MARS13 code.1,2,3.4 Approximately 90% of these showers are
initiated by neutral hadrons (mostly neutrons) and photons and the remaining 10% by
charged particles. The neutron energies extend up to the full 7 TeV beam energy and have
mean multiplicity m = 0.33 per pp interaction and mean energy 2.3 TeV. For L =

1034 cm'zsec‘l, 2835 bunches in each ring, 1011 p/bunch and total inelastic cross section
80 mb an average of 8.3 neutrons per bunch crossing are incident on the neutral absorber.
Since the neutral flux produced by the colliding beams is rather large and proportional to
Iuminosity it is natural to consider placing a detector in the neutral absorbers to infer at least
three things: (1) the luminosity, (2) the beam-beam separation at the IP and (3) the
transverse beam shape and size. The signal from the detector could be used to feedback
regulate variations of the beam-beam closed orbit separation at the IP, due for example to

ground motionJ, to a negligible level. The methods that we propose for analysis are similar



‘to those previously considered for luminosity by van der Meer0 and for beam-beam
centering by Jostlein”.

A simplified schematic of an interaction region, omitting the lattice components that are

not relevant to the discussion, is shown in Fig. 1. In the arcs of LHC the two proton beams

circulate in separate beam tubes. Neutral absorbers are placed just inside the outer beam

D2

Detector

Neutral absorber

Fig. 1: A schematic of beam crossing in an interaction region.

separation dipoles (D2) and the two beams are inside a single beam tube between

absorbers. At the IP the two beams cross at a small angle ~ 300 prad in order to reduce the
effects of parasitic collisions. In the absorbers neutrals are converted into
hadronic/electromagnetic showers and the shower energy is mostly deposited by minimum
ionizing particles. A suitable detector placed near the shower maximum measures the flux
of these ionizing particles which is proportional to the incident neutral flux and therefore the
luminosity. At the IP we consider round Gaussian beams with rms beam size in one

transverse direction o* (= 15.9 pm) with centers separated by a transverse displacement

D = D,é, + D,é,. The luminosity is then

D2
2
4
L=Ige °*. - (1)

Now we suppose that, as indicated in Fig. 2, the transverse displacement is the sum of an
intentional time dependent displacement (d(t ) =dcos(wt)é, + dsin(wt )éy) produced by
horizontal and vertical (H/V) correctors and a quasi steady-state error



(€ =€cos(p)é, + esin(@ )e‘y).7 Assuming the error and intentional displacements are small
compared to the rms beam size the luminosity then becomes

e2 +d?

403

L=lo(l— J—lozejg cos(awt—@). 2)

Beam 1

Fig. 2: The beam-beam separation D is the sum of an error € and an
intentional displacement d(t). .

The circular sweep 3( t) has introduced a sinusoidal modulation of luminosity which
vanishes when the error offset is reduced to zero. A detector signal proportional to L then
has a quasi-static component proportional to L and a time varying component proportional

to the scalar product of the error offset € and the time dependent displacement d(z). The
time varying component can be used to estimate the magnitude and phase of the error offset
and used in a feedback scheme to reduce it to zero. The integration time required to resolve
the magnitude of the error offset in the presence of the statistical fluctuations of the quasi-
static term will be discussed in the following section.

Once the error offset is reduced to a magnitude that is small compared to the rms beam
radius additional information can be obtained. The beam profile and rms beam size in the
two transverse dimensions can be measured by changing the sweep to linear polarizations
in the x and y planes. If the detector is segmented into four quadrants and combined with a
similar detector in the front quadrupole absorber (TAS) the transverse position of the IP
and the crossing angle can be measured by using the (left - right)/(left + right) and (up -
down)/(up + down) ratios to estimate the centers of the radiation deposition profiles. The
absolute measurement of luminosity can be calibrated two ways: (1) against simultaneous
measurements of absolute luminosity at the same IP by one of the large detectors (ATLAS
or CMS) and (2) by simultaneously measuring the beam size (by the method described) and
the beam current and using the usual formula



Io= i(i)z 1 )

kf\e 4nc?

where k is the number of bunches in a beam, fis the revolution frequency and I is the beam
current. Eqn. 3 is valid for round Gaussian beams. If the beam profiles found by scannin§
do not satisfy this assumption then Eqn. 3 can be generalized to treat the actual case.
Calibration against the more recently proposed TOTEM experiment for measurement of the
elastic and total cross sections can also be considered.?

The intentional offset c_i( t) and the feedback offset for compensation of errors are

produced by horizontal and vertical dipole correctors (H/V) approximately +m/2 in betatron
phase advance from the IP and acting on one of the beams as it approaches and departs the
IP. Outgoing H/V correctors are necessary to undo the kick by the ingoing set, thereby
avoiding excitation of a betatron oscillation around the machine and interference with the
measurement of €.

In the following sections we (1) estimate the statistical errors and the integration times
required for the measurements of luminosity and beam-beam separation, (2) summarize the
expected magnitudes of power deposition in the neutral absorbers and estimate the fluxes of
ionizing particles inside the neutral absorbers, (3) describe the properties of an Argon
ionization chamber that is suitable for a detector, (4) analyze the magnitudes of possible
background interference with the measurements of luminosity and beam-beam separation
and (5) describe the extension of the measurement concepts to the front quadrupole
absorber (TAS).

2 Statistical errors of the measurements of luminosity and
beam-beam separation

The current from the detector in Fig. 1 may be written as

. I(t) = ecte goymN @

= €0E 1O L

where N is the rate of inelastic p-p interactions at the IP, m is the multiplicity of particles
falling with the acceptance of the detector per interaction, €ge is the detector efficiency, o

the detector gain, and Ojne] (= 80 mb) is the inelastic cross section. The gain o defined in
Eqn. 4 is the average number of singly charged particles collected per neutral particle

initiating a shower within the acceptance of the detector. For an ionization chamber o is the
product of the number of minimum ionizing particles crossing the chamber (= o1) and the

number of ion-electron pairs created per minimum ionizing particle (= o2). These
parameters will be calculated below. For the statistical estimates in this report we will
include only the neutrons that strike the neutral absorber and ignore the photons.



Integrating Eqn. 4 over a time interval T and assuming Poisson counting statistics for N,
o and m and a binomial distribution for £4er readily gives the following expressions for the
luminosity and luminosity error. The details of the derivation are given in Appendix A. We
assume T is either an integer multiple of or is large compared to 27 /@.

T
[I(t)ar
Io= 0 (5)
CQEJoMO iy o T
1/2
_O-_L_;( 1 + 1 +1_8d°t+l+1) -—-L'_i'/"z" 6)
L \0ggem OiEgem mEgey m (CinetLoT)

Similarly if we multiply Eqn. 4 by cos(at) and sin(wt) and integrate we obtain estimates for
the components of the displacement error.

T
-—f dt cos(wt)I(t)
0

O %

&y = gcos(@p) = :
( ) )eagdetmo-inelLOT
T (7

— [ dtsin(wt)I(t)
0

Ey = esin(Q) = [

2Jeagdetmo- inetloT
40%

The statistical errors of & and & are given by

2
2 1[403] 1+0y +a+oEgem
d OEgetMOine LoT (8)

where again the details of the derivation are in Appendix A. From Eqn. 8 it follows that the
errors in the magnitude and phase of € are given by



1/2
2 2
g = (aex + agy)
) N1/72 (9)
_ ( 40% )(1 +op+o+ asdetm]
d agdetmo-inellOT
G = -4%95- (10)

From Eqn. 9 we see that the error in the magnitude of the displacement error € is
proportional to the square of the rms beam size in one transverse dimension and inversely

proportional to the magnitude of the sweep offset d. In general we wish to measure € to
some accuracy which insures that the luminosity degradation due to a beam-beam
separation error is below some acceptable bound and we would like to perform this
measurement in the minimum possible integration time T. According to Eqn. 1 this is

equivalent to requiring that the time average of the magnitude of D = d + € be bounded by
some fraction of the rms beam size. If we choose <D2> =2620% with 8 <<1, then

(D*)=(d? + & +2d )
=d? +02 : (11)

= 282062

Substituting Eqn. 9 for crg into Eqn. 11 we obtain for the integration time

2
OEdetMOinet Lol _ 4 ] (12)
1+ 0y + o+ OEgeym 252 d? _ at
o? of

Minimizing the integration time given by Eqn. 12 with respect to d gives for the magnitude
of sweep offset

d=00x
:0-8

(13)

and for the integration time,
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QEdetMT ne1 LoT - 4~

. . 14
1+0y +a+oggqm & (14

Eqn. 13 says that the optimum choice for the magnitude of the sweep displacement is equal
to the allowable rms error of the displacement that has been established from consideration
of luminosity degradation. For example if we choose the luminosity degradation due to

transverse beam-beam displacement error at the IP to be bounded by AL/L = 0.5% rms
OEdetMOing Lol _ 42, 104

1+0p +a+aggem

In Table 1 we estimate the integration time required to achieve statlstlcal errors for

then 6=0.1, d=0, =0.10« and

measurements of luminosity —z— =0.01 and of beam-beam displacement o, = 0.10«. The

integration times are given for design luminosity Lo = 1034 cm2sec-1 and expressed in
terms of seconds and number of turns (1 turn = 0.089 ms) and bunch crossings which are
all consistent with 1011 p/bunch, 2835 bunches and 3,564 bunch spaces. The integration
times are remarkably short so a neutral absorber based detector clearly has potential
usefulness as a storage ring operations tool. For these calculations we have assumed a time
dependent displacement amplitude d = 0.10« and used Eqns. 6 and 14. The inelastic cross

section has been taken to be Ojpel = 80 mb. From Ref. 1 the mean multiplicity of neutral
hadrons striking the neutral absorber per pp interaction is m = 0.33. For this study we
include only the hadrons and leave the refinement of including the photon contribution to
the statistical errors for later investigation. The fraction of hadrons that initiate a shower

_ ldet 22

before reaching the detectoris 1—¢ Aint =1, 151 =0.77 where we have assumed a
detector is placed lgegr = 22 cm inside the absorber and the absorber material is Cu with

hadronic interaction length Ajnz = 15.1 cm. We assume each of the interacting hadrons is
detected so £4e¢ = 0.77. From Section 3 below we take the detector gain o = ot1*02 =

(1.3x10%)*(29.1) = 3.8x103. The values of these parameters that have been used to
estimate the integration times are summarized in Table 2.

The discussion so far has implicitly assumed that all bunches are identical; data are
accumulated over passages of successive bunches in the bunch train and a single average
measurement of luminosity and bunch separation applies to all the bunches in the machine.
However the analysis and the integration time in Table 1 when expressed as the number of
bunch crossings applies equally well to bunch by bunch measurements provided that a
suitable detector and electronics acquisition system can be defined to accumulate the bunch
by bunch data. That is, at design luminosity 1,965 turns would be sufficient to measure
individually the luminosity of each bunch (and its collision partner) in the machine with 1%
precision.

It is easy to extend Table 1 to other cases that can be imagined. To take an extreme case

the proposed TOTEM experiment is imagined to operate with 1010 p/bunch, 236 bunches
and B* = 1100 m. Compared to the design luminosity of LHC the luminosity per bunch
has been decreased by a factor (1011/ 1010)2x(1100/0 5) =2. 2x103, so it would take

2.2x109x1,965/236 = 1.8x100 turns (2.7 min) to measure average luminosity of all the
bunches with 1% precision.



Table 1: Estimated integration time for measurement of luminosity and
beam-beam separation with a detector in the neutral absorber.*

L T T
(_Q'I/L =.01) (oe=0.10%)
cm-2sec-1 ms turns bunch Ihs turns bunch
crossings crossings
1034 0.062 .69 1,965 99 11.1  3.1x104

FFor 1011 p/bunch, 2835 bunches, 3,564 bunch spaces.

Table 2: Summary of parameters for estimating
the integration times in Table 1.

Parameter Value
Ginel, (mb) 80

m 0.33

a 3.8x10°
o1 ) 1.3x1 04
) 29.1
Edet 0.77

3 Argon ionization chamber

3.1 Space charge constraint

According to the results in Table 1 it is necessary to integrate over many bunch
passages in order to obtain reasonable statistical accuracy for measurement of luminosity

and beam-beam separation. Even at the highest luminosity 1034 cm~2sec-1 it is necessary



to integrate over ~ 0.69 turns (~ 1,965 bunches) to achieve o7/L = .01 and 11.2 turns

(~ 31,500 bunch passages) to achieve og = 0.1 o*. For measurement of luminosity and

beam-beam separation averaged over all the bunches in the machine we can therefore
consider a relatively slow detector that integrates over many bunch passages. A parallel
plate Argon ionization chamber at atmospheric pressure seems to be a good choice. It is
simple and can be constructed for high reliability and high tolerance to radiation damage.
Argon has low recombination and is free of electrically induced chemical reactions. We
now turn to discussion of the properties of Argon ionization chambers so parameters can be
chosen to give a collection current that is linear with the flux of ionizing particles. The main
problem to avoid is space charge suppression of the collection current. The saturation curve
for an Argon ionization chamber is discussed in detail in Appendix B. The criterion for
ensuring that essentially all of the Argon ions and electrons produced by ionization are
collected is

+
aSZ(K) £k (15)
a/\ ¢

where V is the voltage applied to the plates, a is the plate separation, k4 is the ion mobility

and ¢ is the ionization current density in A/cm3. Gas amplification occurs when the
ionization electrons gain enough energy to themselves produce ionization. In Argon at
atmospheric pressure this is avoided if V/a < 1.5 kV/cm.

The ionization chamber is assumed to be located approximately 22 cm behind the front

face of the absorber so most of the incident hadrons will have interacted, 1 - e~ 22/Aint =
0.77, and the detector is near the maximum energy dep031ted by the
hadronic/electromagnetic shower.

3.2 Ionization chamber current

We now proceed to estimate the magnitude of the ionization chamber collection current
assuming the electric field strength is low enough that the gas amplification factor is unity.
We assume the ionization chamber has square cross section 10 cm x 10 cm and is placed in
a gap in the Cu absorber which is near the shower maximum. Fig. 3 is a cross section
showing the relative location of the ionization chamber and the beam tubes in the neutral
absorber. The center of the incident shower of forward particles is displaced from the
symmetry axis of the absorber by a = 2.25 cm due to the crossing angle which has been

taken to be £150 urad in the horizontal plane. The average power density dP/dm over the
face of the ionization chamber is taken to be ~ 5.9 W/kgm at the design luminosity of the
LHC.1 The average flux of minimum ionizing particles Fmip incident on the ionization
chamber is then :

4P
.o o= dm|c,
™ dE| (16)
dXlcy
=2.64 %1010/ cm? /sec



where dP/dm is the power per unit mass deposited in the Cu and dB/dX =
1.4 MeV/ g_m/cm2 is the specific minimum ionizing energy loss in Cu. Each minimum
ionizing particle crossing the Argon chamber produces N'jon/mip ion-electron pairs per cm
given by

dE

) _ pArd_XAr

ion | mip —T amn
i
=97 /cm

where for Argon we have taken Wj = 26 eV,dE/dX|,, =1.52MeV/gm/ cm? and

Par =1.66x 1073 gm/cm3 at P = 760 Torr, T = 294 K. The average ionization current
density is then

q=eF, mipN ion/ mip

. (18)
=041 yA/cm3

Allowing a factor of three increase over Eqn. 18 for the maximum ionization density
compared to the mean and requiring V/a < 1.0 kV/cm so gas multiplication is negligible, the
condition on gap length for avoiding space charge suppression of the collection current
given by Eqn. 15 is a < 7.0 mm. Typical parameters for an Argon ionization chamber are
given in Table 3. The ion integration time ~ 180usec = 2 turns given in Table 3 is the
electrode gap divided by the ion drift speed. Since the bunch spacing in LHC is 25 nsec,
the ions reaching the cathode of the ionization chamber in Table 3 would be integrated over
~ 7,200 bunch spaces. Scaling from the results in Table 2, the rms statistical fluctuations in
ion current read out at the cathode would be ~ 0.6%. The electrons move much faster than

the ions so their integration time is much shorter ~ 0.6usec = 6.75x10-3 turns. The electron

current reaching the anode is integrated over 24 bunch spaces and the corresponding rms
statistical fluctuations would be ~8%. The estimated ionization chamber current for both

ions and electrons is 12.3 yA for design luminosity 1034 cm2sec-1.
In terms of the parameters defined in this section the ionization chamber collection
current can be written as )

I = eFy, ion! mipaA' (19)

The gain o defined in Eqn. 4 is then given by

f aA

mip*Vion | mip
EdetMOinel L , (20)

=3.8x10°

o =

10



:1Cu absorber |::

10 cm x 10 cm ionization chamber

Fig. 3: A cross section 22 cm behind the front face of the neutral
absorber located ~ 150 m from the IP showing relative locations of
the ionization chamber and beam tubes. The center of the neutral
beam induced shower is indicated by the solid black dot and for
150 prad half crossing angle is about 2.25 cm from the symmetry
axis. The Cu absorber extends out to a cross section 25 cm x 30
cm and is surrounded by steel.

where A = 100 cm? is the area of the collector plates and the other parameters have been
defined previously. Eqn. 20 says that on average for each neutral hadron interacting in the

Cu in front of the ionization chamber there are 3.8x103 Argon ion electron pairs collected.
The corresponding number of minimum ionizing particles that produced these Art-e- pairs
is 3.8x10%/(97x0.3) = 1.3x104,

11



Table 3: Typical parameters for a Neutral Absorber Argon ionization chamber

Parameter Value
Voltage, kV ’ 0.3
Electrode gap, mm 3
Electrode area, cm? 100
Current, pA @ 12.3

L = 1034 cm2sec-1

Ion integration time, 180/7,200
us/bunch spaces

-Electron integration time, 0.6/24
us/bunch spaces

4 H/V correctors

If H/V correctors are placed at approximately 1/2 phase advance from the IP the kick angle
W due to the correctors and the transverse displacement x* at the IP are related by

Xe =W B 1y Bs (21)

BH/v and B* (= 0.5 m) are the values of the beta function at the two locations. The product
of magnetic field and length of H/V corrector is related to the kick angle by :

BL=Ly (22)

where p is the proton momentum. If the correctors are located in the-drift space midway
between the QS5 and Q6 matching quadrupoles then BH/v = 525 m. Choosing a maximum

displacement at the IP x* = ¢ * = 15.9 um we obtain BL = 2.3x10-2 Tesla-m. This is ten
times the kick envisioned for normal operation. A coil radius of 5 cm should allow
adequate aperture for the beam even at injection. Choosing a coil length L = 50 cm and
assuming the coil is not too strongly coupled to other structure we estimate the stored
energy

12



2, B
Wy =2 X ma?L—
5 2o - 23).

=6.6J

Assuming a cos(0) coil winding, the number of Ampere turns required is
NI N= 2a —B-
Ho 24
=37x10° A

where N is the number of turns and IN the current. The coil inductance LN and voltage V
are given by

Ly
N =964 nH (25)
N2
Vy = Lyl (26)

“where o is the driving frequency. If we choose f = 1 kHz and N = 10 turns then Ligo=

96.4 uH, I10 = 370 A and V10 = 224 V. Clearly the choices made here are somewhat
arbitrary but serve to illustrate that a system exploiting the inherent statistical integration
times in Table 1 is practical. We also note that the calculations in this section have been
done for a maximum beam displacement equal to 6* at the IP, ten times what would be
used in normal operation.

5 Background

In this section we discuss possible backgrounds to the static luminosity measurement and
time varying or ac beam-beam separation measurement. At design luminosity L = 1034

cm2sec-1 the inelastic Pp interaction rate is Gipell.Q ~ 8x108 sec-1. The amplitude of the ac
interaction rate for measurement of beam-beam separation is suppressed by a factor

ed/ 203% ~(0.12/2=5x1072 to 4.0x106 sec-1. Potential background rates should be

small compared to these rates. So far we have identified five sources of background: (1)
beam gas interactions, (2) beam halo interactions with the beam tube in the interaction
region, (3) sweeping of the beam crossing angle at the frequency of the beam-beam
separation measurement, (4) slow drift of the transverse position of the IP and (5) slow
drift of the crossing angle. The first of these background sources is linear in the beam
current while the second to fifth are quadratic like the luminosity dependent signals we are
trying to measure. The first, fourth and fifth sources of background contribute only to the
static luminosity measurement, the second can contribute to both the static and ac
measurement while the third contributes only to the ac measurement. Technically what we
have listed as the third through fifth sources of background are not really background but
are systematic effects that can lead to a misinterpretation of the data.

13



5.1 Beam gas interactions

An interaction of a 7 TeV proton with a gas molecule in the interaction region can initiate a
hadronic/electromagnetic shower that strikes the neutral absorber and contributes a static
background signal in the detector. The beam gas interaction rate is given by

A
Nbg = —;—dZnJO'p] (27)
J

where the summation is over molecular species with density nj and total cross section Op;
and d is the effective path length for the beam gas interactions to contribute to the
background. The relevant gas molecules for the ambient temperature beam tubes in the
interaction regions are H2, CH4, CO and CO2. Their partial pressures have been estimated
to be 1x10-10 Torr, 2x10-12 Torr, 1x10-11 Torr and 2x10-12 Torr respectively.12v13 For
the path length we take the distance between the D1 beam separation dipoles d = 140 m and
assume the ~ 30 m lengths of cold vacuum tube through the two sets of Q1-Q3 quadrupoles
have the same vacuum as the warm sections which probably overestimates the background.
The beam gas interaction rates for design current I = 0.54 A are given in Table 4 and sum
to 3.5x104 sec-1, more than four orders of magnitude less than the beam-beam IP rate
8x108 sec-1. Even at 1031 cm2sec-1 the ratio of beam gas interaction rate to IP rate is
1.1x103/8x105 ~ 1/800. The beam gas rate does not become equal to the IP rate until the
luminosity falls to 2x1025 cm2sec-1. Beam gas interaction background does not seem to
be a concemn.

Table 4: Beam gas interaction rate in an IR region.

Molecule nj (cm_3) Opj (mb) Nbg, j(sec"l)
H2 ~ 3.3x106 100 1.6x104
CH4 6.6x104 600 1.9x103
Co 3.3x103 810 1.3x104
CO2 6.6x104 1220 3.8x103
Total 3.5x104

14



5.2 Beam halo interactions with the beam tube

A beam halo is created by small angle elastic scattering of protons at the IP which then
diffuse to large radius due to lattice non linearity and beam-beam effects. Most of these halo
particles are removed in the beam cleaning insertion. However the beam cleaning system is
not completely efficient so some halo particles reach the vacuum tube wall in other parts of
the machine. Those that do encounter the beam tube at a small angle of incidence so they
may elastically scatter back out of the beam tube surface or their secondary interaction
products may escape. These elastically scattered particles and secondaries may then reach
the neutral absorber and constitute a background. This background can contribute to both
the static luminosity measurement and the ac measurement of beam-beam separation. Fig. 4
indicates schematically how the ac background may arise. In Fig. 4a the circularly swept
beam is indicated with a physical aperture limitation on the right. Interaction of the beam
halo with the physical object will have a dc term plus an ac term at the fundamental rotation

frequency . In Fig. 4b a symmetric aperture limitation is placed on the left and the

interaction rate is now a sum of a dc component and possibly harmonics of 2w. However if
the beams pass through the aperture off the symmetry axis, as indicated in Fig. 4c, an ac
term at the fundamental is restored. Because of the finite crossing angle of the beams this is
precisely the situation encountered in the LHC at the locations of the inner triplet
quadrupoles and front quadrupole absorber (TAS). In a recent study the limiting aperture in
collision optics was found to be the left Q3 quadrupole ~ 47 m from the IP with beam tube

radius 30 mm, corresponding to ~ 86 beam radius allowing for crossing angle and
tolerances.14 The front quadrupole absorbers ~ +20 m from the IP with beam tube radii 17

mm were only slightly outside this radius at ~8.3 ¢. For £150 prad crossing angle the two
beams are + 3.0 mm from the symmetry axis of the front quadrupole absorber. However
since the phase advance from the IP to the front quadrupole absorbers and inner triplet

quadrupoles is very close to /2 the amplitude of the centroid modulation of the beam and
therefore the ac background signal due to halo scraping should be very small at these
locations. We will make a rough estimate below.

At 14 TeV cm the elastic cross section for proton-proton scattering is Gelas ~ 26 mb and
protons undergoing elastic scattering feed the beam halo. At design luminosity
1034 cm2sec-! the elastic scattering rate at one IP is 2.6x108 sec-1. With two high
luminosity IP's contributing to the halo the rate is 5.2x108 sec-1. Most of these halo
particles will be caught by the beam cleaning system; an early study set a requirement for
less than 1:400 halo protons to escape the cleaning system and estimated an escape fraction
1:6,500 for a two stage collimation system. 13 The evaluation of this escape fraction is still
a subject of study and recent estimates are that it will be in the range 10-5 to 10-4.16
Taking the estimated efficiency 1:6,500 yields a rate 5.2x108/6.5x103 = 8.0x104 sec-1 for
the beam halo interaction rate with the beam tube in the entire machine excluding the
primary collimation system. In a worst case situation all of these protons impact the beam
tube of the inner triplet quadrupoles or the front quadrupole absorber and either elastically
scatter into or produce energetic secondaries that scatter into the acceptance of the neutral
absorber. A background event rate bounded by 8.0x104 sec-1 does not seem to pose a
problem for the static' luminosity measurement or the ac beam-beam separation
measurement.
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Fig. 4: lllustration of the interaction of the swept beam with
physical apertures (a) on one side, (b) symmetrically placed on
both sides and (c) asymmetrically placed relative to the center of
rotation of the beam.

5.3 Modulation of the beam crossing angle at the frequency of
the beam-beam separation measurement

Referring to Fig. 5(a), our assumption has been that the beam-beam separation at the IP
varies while the crossing angle is held fixed. In this case the intensity of shower products
in the neutral absorber is modulated everywhere in the volume of the absorber by the same
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factor as the luminosity changes due to variation of the beam-beam separation at the IP.

However if the betatron phase advance of the H/V correctors is not exactly 1/2 from the IP
then the crossing angle is modulated as well as the beam-beam separation. This creates an
ambiguity in the interpretation of a decreasing signal - is it due to decreasing luminosity or
to sweeping the power deposition profile across the detector. Consider an extreme case
Fig. 5(b) where the beam-beam separation is zero and only the crossing angle varies. The
detector would record an ac signal due to the variation in crossing angle even though the
luminosity is constant in this case. A feedback system arranged to minimize the ac
modulation of the detector signal would then attempt to steer the beams until the center of
the shower intensity coincided with the symmetry axis of the absorber and detector. The
increase in static signal would be misinterpreted as an increase in luminosity whereas in
reality it only corresponds to optimal placement of the shower on the detector and no
change in luminosity. Furthermore the beam crossing would be displaced by 2.25 cm at the
IP relative to the center of the beam tube. This is clearly not something we want to do so
we next investigate the magnitude of betatron phase error and the ac modulation of the
detector signal that it causes.

Ideally the betatron phase advance between the location of the H/V correctors and the IP

would be T/2 and the beam would arrive at the IP w1th amplitude x* and angle x"+ relative
to the design orbit given by

X =Y ﬁH/Vﬁ* sin(7/2)

=Y \BuvB+
3 3 (28)
Xk =y —’/1;—’Y-ﬂ;sin(n/2)+w /iﬁ’lcos(n/z)
=0

where  is the magnitude of angular kick given by the H/V corrector and, according to our
earlier notation of Eqn. 13, is chosen so that

O . (29)

=0.] ———.
v BB

In the general case where the phase advance between the H/V correctors and the IP is
Ti/2+A¢, x* and x'+ are given by
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Xx =Y ﬂH/Vﬁ* sin(z/2 + Ag)
=~V Bu/ v B

Y=y ﬁ%i—‘i cos(m/2+ Ap) (30)

Bu/v
i

=~y [ a9

so the crossing angle as well as the beam position are modulated. The H/V correctors
should be located in a non-common part of the machine, where the beams are in separate
vacuum tubes, and preferably where the beam tube is warm. However the ideal phase

advance of /2 occurs in the middle of the D1 beam separation dipole which although warm
is in the common part of the machine and not a practical location for the H/V correctors.
The two beams are only separated by 2.1 cm in D1. The ~ 30 m drift region between the

Q5 and Q6 matching quadrupoles is the closest non-common space to /2 phase advance
from the IP that is not presently occupied by equipment. At this location the typical phase

advance to the IP is 1/2+A¢ = 1.684 radians, so A¢ = 0.113 radians = 6.59. If we evaluate
x* and x"+ under these conditions we obtain

X = 0.9941//1,ﬁ1.1/ Vﬂ*

) (31)
xh =—-0.113y /ﬁ;’}J

Inserting y from Eqn. 29, o* = 15.9 pm, B* = 0.5 m, fH/V = 525 m into th. 31 yields

Xx = 09940'*
=1.58 um

xh=—01132% (32)
= 0.36 rad

The modulation of the crossing angle by x'# causes the center of the neutral deposition
profile to move transversely by 0.36x150 = 54 um at the front face of the neutral absorber.
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Fig.5: Variation of signal with (a) variation of beam-beam
separation with crossing angle fixed and (b) variation of crossing
angle with beam-beam separation fixed. A detector located at the
vertical dotted line would not distinguish between these two cases.
The units of the horizontal and vertical axes are purely arbitrary
and for qualitative illustration only. '
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In order to estimate the importance of the size of the crossing angle variation given by
Eqn. 32 it is necessary estimate how the changing power deposition profile in the neutral
absorber affects the luminosity signal. The flux of minimum ionizing particles near the axial
shower maximum and for r < 10 cm may be approximated by a Gaussian function

2

G=Gye 20° (33)

where Gg = 6.25x1010 mip/cm2, 6 = 3.0 cm and r is measured from the center of the

power deposition profile. For the nominal half crossing angle 150 purad and a distance L ~
150 m from the IP, the center of the shower symmetry axis is 2.25 cm from the symmetry
axis of the detector in Fig. 3. The detector signal is proportional to the integral of the flux
of minimum ionizing particles over the surface of the detector. Assuming a displacement of
the shower axis by a distance a in the transverse x direction we obtain for the flux S(a) and
its derivative

y X _G-a)?

)’m—5—2 m 22
S@=Gy [ e 207dy [e 207 dx

—Ym “Xm
= 27:0200(2F(y—'") - 1) X(F( Im ~ “) + F(xm b “) - 1)
| (X —a)> (tp+a)?
as_ —«/ZnoGO(ZF(&"—) - 1) x|e 20° - 20
da o
where
N |
Flxp,)=[e 2 T _ (35)

is the tabulated Gaussian probability integral. We then estimate the amplitude of signal
modulation due to the crossing angle variation given by Eqn. 32,
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1 S(a)da
(x —a)2 (X +a)2
2 2
20 - 20
S S P A — L} (36)
(02 o
=5.3x107%

where we have taken a =2.25 cm, s = 3.0 cm, L = 150 m and x'my = 0.36 prad. The result
given by Eqn. 36 is one order of magnitude less than the modulation we have discussed for

nulling the beam-beam offset to 0.16* given by

3 e
I 20%
2
= (0'21) . (37)
=5%x1073

5.4 Slow drift of the beam crossing angle and transverse
position of the IP

The last two background effects mentioned at the beginning of this section are slow

drifts of the crossing angle and transverse position of the IP on a time scale t >> 1/w. A
drift this slow would not interfere with measurement of transverse separation of the two
beams at the IP but would lead to spurious increases or decreases in the "static” luminosity
measurement due to the profile effect sketched in Fig. 5. It is a simple matter to estimate the

size of these effects using Eqn. 36 and normalizing drifts in crossing angle () to prad
and in transverse position (6x)to um. We then obtain

?Il =1.5x1072 8y (urad) - (38)

for change in crossing angle with no change in transverse position of the IP and

% =1.0x1075 Sa(um) | (39)

for change in transverse position with the crossing angle held fixed. Long term drifts of the

order ~ 1 prad in crossing angle and ~ 1 um in transverse position of the IP will therefore
cause no difficulty with measurement of luminosity to the level of ~ 1% precision. The
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detector is more sensitive to variation of crossing angle than to variation of transverse
position of the IP owing to the distance (~ 150 m) of the detector from the IP.

We conclude from this discussion that background effects that have so far been
examined are not serious concerns for the proposed measurement of luminosity and control
of beam-beam displacement. The signal and background rates are summarized in Table 5.

Table 5: Summary of signal and estimated background rates at design
luminosity 1034 cm2sec-1

Signal Rate Background effects Rate
(sec-1) (sec-1)
Inelastic collisions at IP 8x108 Beam gas collisions 3.5x104
_ Beam halo collisions 8x104
ipm slow drift of IP 8x103
1urad slow drift of 1.2x106
half crossing angle
ac modulation amplitude 4x106 ac crossing angle 4x105
for 0.16* beam sweep modulation
ac beam halo collisions . <8x104

6 Extensions

The concepts that have been discussed so far can be extended in several directions: (1)
instrumenting the front quadrupole absorber (TAS), (2) segmenting the detector to allow
measurement of the beam-beam crossing angle and transverse position of the IP and (3)
improving the time resolution so that bunch by bunch measurements are possible. We leave
the third of these to later investigation and discuss the first two below.

6.1 Front quadrupole absorber

The function of the front quadrupole absorber is similar to the neutral absorber - to
protect superconducting magnets from the intense flux of collision products from the IP.
The front quadrupole absorber fits tightly around the beam tube and is located ~ 20 m from
the IP, just in front of the first inner triplet quadrupole Q1. The absorber is a 50 cm OD,
1.8 m long piece of Cu. At 1034 cm-2sec-! luminosity ~ 270W is deposited in the front

quadrupole absorber, again calculated with the MARS13 code.1,2,3,4 Approximately 90%
of the power is due to charged pions and photons and the remaining 10% due to neutral

hadrons and protons. At design luminosity 1034 cm2sec-1 the mean multiplicity of charged
pions is 6.8 per bunch crossing with mean energy 159 GeV; the corresponding numbers
for photons are 8.3 per bunch crossing and 87 GeV. We follow the same approach as for
the neutral absorber, locating an ionization chamber near the shower maximum ~ 20 cm
behind the front face of the front quadrupole absorber. For statistical calculations we
assume the fluctuations are dominated by the hadrons - in this case the charged pions.
Since the mean multiplicity of the pions incident on the front quadrupole absorber is ~ 20
times higher than the means number of neutrons incident on the neutral absorber we may
expect the integration times are reduced by a factor of ~ 4.5 for a specified precision. In
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Fig. 6: A cross section 20 cm behind the front face of the front
quadrupole absorber located ~ 20 m form the IP showing relative
locations of the beam tube and ionization chamber. The Cu
absorber extends out to a radius ~ 25 cm.

addition a front quadrupole absorber detector would be ~ 150/20 times less sensitive to the
crossing angle effects discussed in Section 5 for the neutral absorber. The disadvantage of
the front quadrupole location is that it is surrounded by massive shielding for the ATLAS
and CMS detectors and therefore more inaccessible than a detector in the neutral absorber.
A sketch of an ionization chamber imbedded ~ 20 cm inside the Cu of the front quadrupole
- absorber is shown in Fig. 6. It has circular cross section with inside radius 3.5 cm, outside
radius 6.75 cm and area ~ 105 cm2.

The calculation of integration time for 1% luminosity measurement and 0.1s*
measurement of beam-beam separation given in Section 2 for the neutral absorber
ionization chamber has been repeated for the front quadrupole absorber. The results are
given in Table 6 and parameters summarized in Table 7. The average power density over
the face of the ionization chamber has been taken to be 1.83 W/kgm, the electrode gap is 3

mm and the ionization chamber current at luminosity 1034 cm-2sec-1 is 4.0 pa.
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Table 6: Estimated integration time for measurement of luminosity and beam-beam
separation with a detector in the front quadrupole absorber.*

L T : T
(or/L = .01) (0e=0.10%)
cm-2sec-1 ms turns bunch ms turns bunch
crossings crossings

1034 - 0.015 0.17 482 0.24 2.7 7,655

iFor 1011 p/bunch, 2835 bunches, 3,564 bunch spaces.

Table 7: Summary of parameters for estimating the
integration times in Table 6.

Parameter Value
Ginel, (mb) 80

m 6.8

o 6.25x103
al 215

o 29.1

edet 0.73

6.2 Segmenta.tion

As noted in Section 5 the signals in the absorber detectors are sensitive to the crossing
angle and transverse position of the interaction point. This can be turned to advantage by
segmenting the detectors into quadrants and using the (left - right)/(left+right) and (up-
down)/(up+down) ratios to calculate the center of the power deposition profiles. If the
neutral absorber and front quadrupole absorber are both instrumented this way then this
information can be used to estimate the crossing angle and the transverse location of the
interaction point. In this section we estimate the sensitivity of the detectors for these type of
measurements.
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6.2.1 Neutral absorber

To good approximation the flux of minimum ionizing particles crossing the ionization
chamber in the TAN may be represented by

| 3 (x—-an)2 _ i
FN —pN o 20% 207 40)
mip mip,0

where ¢ = 3.0 cm, the center of the profile has been assumed to be displaced by a distance
ap in the horizontal plane due to finite crossing angle and the peak flux is FNmip,o =

6.25x1010 cm2sec-1. Integrating over the area of the ionization chamber we then obtain
for the asymmetry ratio -

) o _xan )2
J’ e 20'2 _ _[e 202
0 -X
R — m
N _(x-ap) 0 - (x~ay)
i, 202 262
| e + [e 20
0 —Xm
S e - o )
F(xm —an) +F(xm +an) 1
o (o)
=0.453

where we have taken xp =+ 5 cm, ap = 2.25 cm (crossing angle = 150 urad) for the
numerical evaluation. The functions in the second row of Eqn. 41 are Gaussian probability
integrals defined by Eqn. 35. Similarly we obtain for the derivative of R with respect to the
center of the profile,

25



dRy

da,

=0.252 cm™ 1

(42)

The rms errors of RN and the center of the power deposition profile ap are then related to
the rms error of luminosity by

ORy = —1—(1— R,%,)"—LL

A2
=0.562L
L

G, =—=—0p 43)
an - dRN RN
da

=222%L cm
L

6.2.2 Front quadrupole absorber

The calculation of Eqns. 40 - 43 may be repeated for the location of the center of the
power deposition profile in the front quadrupole absorber. However an analytic formula
approximating the flux of minimum ionizing particles crossing the front quadrupole
ionization chamber is different than Eqn. 40 and is given by

ESjp=Fipoe P75 | (44)

with Fsmip,() = 8.7x1011 cm-2sec-1,8 = 2.0 cm-1/2, ag the center of the profile.
Assuming ag << a],a) where a1(= 3.5 cm) and a2(= 6.75 cm) are the inner and outer radii
of the ionization chamber, Eqns. 41 and 42 are replaced by
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RS = 0.34as .
=0.10 (45)

dRs =034 cm™!

)

where we have taken ag = 0.3 cm (crossing half angle = 150 prad) for numerical
evaluation. We then have for the statistical errors of RS and ag,

ORg = 0.70—LL
(46)
o, =2.062L cm

as L

6.2.3 Crossing éngle and transverse position of the IP

The center of the forward power deposition profile may be represented in the plane of
the crossing angle by a(s) = aQ + sy where a( is the transverse position of the IP at the

crossing point, ¥ is the crossing angle and s is the distance from the IP. Measuring a(s) at
the two positions corresponding to the front quadrupole absorber and the neutral absorber
then gives the following estimates of aQ, y and their errors. -

= Ly a, — LS a
Ly-Lg ° Ly—-Lg "

Y IR
2 2
N~ Lg N~ Ls

= "%
Ly—-Lg

L)

47)
7

1/2
— 2 2
Oy = (O'as + aan)

Ly—Lg

Inserting L§ =20 m, LN = 150 m and the results given by Eqns. 43 and 46 intovKn. 47
we obtain :
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s%ﬂ(ﬂ - (48)
LJs
5 2 \1/2
O',I,(,urad)=153( QL) +1.16(G—L) J
LJg L/n)
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9 Appendix A: Derivation of the statistical errors of the
measurements of luminosity and beam-beam displacement

In this Appendix we derive the formulas for the statistical errors that are used in Section 2.
The starting point is Eqn. 4 ,

I(t) = eote 4,;mN

“4)
= €0 joMOT e L
which is integrated over a time interval T to obtain
T
[ 1()de = eaggemN . (A1)
0 ’ '

For application to an ionization chamber the gain parameter « is the product of the number
of minimum ionizing particles passing through the chamber (= o.1) and the number of ion-
electron pairs produced by each minimum ionizing particle (= ¢2). Since fluctuations in

a1, o, efficiency €det, multiplicity m and number of pp interactions N are uncorrelated
the rms fluctuation in the integrated current is related to the rms fluctuations of these
quantities by

2 2.2 2 2 2 .2
O'J- 1dt = (€02€geymN) Oay +(eay€geymN)” 0g,, +(eyymN)“ 0%, A2
+ (eozloczedetN)2 O'I?'n + (e:ocloczz-:detm)2 0'1%1

We assume o1, 02, m and N have Poisson distributions and €det has a binomial
distribution. The various rms quantities are then given ble

2 24

Oo = (A3)
2 Qy

05 =—22 - A4
@2 alsdctmN ( )
2 _ Edet(1— Eget) |
Edet mN (A5)

30



(46)

o} =N. ' (A7)

We note that for a given integration over N pp interactions, o2 is sampled o] €detmN

times, 0] EdetmN times, €det mN times, m N times and N once thus reducing the rms

errors by these factors compared to the parent distributions. Since luminosity L is
proportional to _[Idt we then obtain for the error of luminosity measurement '

2
_0'_]2=_ _ »O'j'Idt
> (f1a)’
. 11—~
v, v (aw) 11 (A8)
(xlazedetmN (X18detmN sdetmN mN N
1 1 1 1

= + + +—
00 EgeeMN  f1EgemMN  EgeemN N

which with N =0,,,LoT leads to Eqn. 6 in Section 2. To obtain the error for

measurement of the component of beam-beam displacement ex we multiply Eqn. 4 by
cos(wt), integrate and replace the integral by a discrete sum

T
—[dtcos(at)I(t)
0

Ex =
d |
( )eala28detmo' inetloT

402
— Y, cos(at;)I(t;)At
j

d
[ 2 z]ealazgdetmainelLoT

O'%

(A9)

The rms fluctuation of € is then related to the fluctuations of current in each bin by
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Zcos2 (ot )O'IZJ. At
o2 = ] . (A10)

&x d 2
, [( zjealaZEdetmG inelLOT:I
40%

where
I(tJ )At = ealazedetmNj ' . (All)

with Nj equal to the number of pp interactions occurring from tj to tj + dt. Following the
same type of argument leading to Eqn. A8 then gives the following expressions for the rms

fluctuation in j Idt and ex

O-Iszt = ezalazsdetmNj (1 + 0y + 00 + alazsdetm) (A12)

2

2 40',% alazedetm(l + 0 + o0y + alazedetm) 2

& =| 5 2 cos”(wt;jN;
(€102€46tM e LoT) j

- (403 2 a1a23detm(1 o o + ala2£detm) ZLN At (A13)
d (1024t ingiLoT) iz T |
_1 ( 402 Jz 040 Egeym(1 + 0 + 04 Q) + QO Egeym) N
2 d (102646t OinetLoT)
With N = 0, LoT and by symmetry 0, = O¢, We obtain Eqn. 8.
R e
102€3etMTjnel

10 Appendix B: Derivation of the saturation curve and
collection efficiency of an Argon ionization chamber

For the luminosity measurements discussed in this paper it is essential that the Argon
ionization chamber current be a linear function of the incident flux of ionizing radiation.
The ionization chamber must therefore operate in the saturation regime where nearly all of
the Argon ions and electrons reach the collection plates before recombining. This condition,
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given by Eqn. 25 above, was derived by Boag and Wilson long ago7 and is in good
agreement with experimental data. Because the saturation condition is usually not discussed
in the modern references on particle detection and it is important for our application we
outline the derivation in this Appendix.

Let a voltage V( be applied to the plates of a parallel plate ionization chamber with plate
separation a and filled with an atmospheric pressure of Argon. If E is the electric field

between the plates and P+, P- are the- densmes of Argon ions and electrons respectively
then Poisson's equation is

JE _ 1
% (ps +p-) | (B1)

First assume that the densities of the ions and electrons are low enough that recombination
can be neglected. Then in quasi steady state the continuity equations for the ions and
electrons are

(B2)

where V}“S are the ion and electron drift velocities. The density of ion/electron pairs
produced per second by the incident ionizing radiation is ¢ and assumed to be independent
of distance between the plates. At atmospheric pressure the collision frequencies of ions
and electrons with the gas molecules are hlgh enough that they rapidly reach equilibrium
drift velocities

vh = k. E

vp=—k_E

(B3)

where k; are the ion and electron mobilities. Multiplying Eqn. B1 by E and combining
. with Eqns. B2 and B3 gives

OF

1
€0
(B4)
L I S
o\ %, DP+ . DP-
19 o, 1(1 1
LAy LS N S g BS
2 % 80(k+va+ k_va_) ®2)
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=2 _q_+_q_] ’ (B6)

kok_

Ltk

where k, = . Eqn. B6 is readily integrated to give

E2=-9 2, A7+B (B7)
Eokr

where A and B are to be determined from the boundary conditions. If we let z = 0 be the
anode and z = a the cathode then the charge densities obey the boundary conditions

04+(0) =0, p_(a)=0. For Argon at 760 Torr the Art mobility is k4 = 1.7 cm?/V-sec. The
electron mobility depends on field strength. For a typical value E = 1 kV/cm, k- = 500

cm2/V-sec. Since k. >> k4 we will have p. << p4+ throughout most of the ionization

chamber. If we neglect p. at z = 0 then from Poisson's Eqn. B1 we have
dE/dz(z = 0) = 0 and therefore A = 0. Then the field strength between plates is

2 q 2 2
Ef=-2 2, F4 B8
£ok, 0 - ®9)

Looking at Eqn. B8 for a moment we see that in the low ionization density limit when the
first term in Eqn. B8 is negligible the electric field between the plates is uniform and

E=FEy= 4 . In the 6pposite extreme, when the first term in Eqn. B8 is dominate, the
a

electric field strength is linear in z. Within a factor of two the saturation condition Eqn. 15
is simply that the second term in Eqn. B8 be larger than the first with EQ set to V(/a.
From Eqn. B8 and E = - dV/dz we can write for the derivative of the voltage

= ~Ega1+ %2 (B9)

¥|¥
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where the u is the normalized distance between plates and a dimensionless space charge
parameter { has been introduced

L2 - (310)
C2= qa

20 k,. Eg

Eqn. B9 may be integrated to give

V() = —%"5—‘[@41 +¢%u? + 1og(§u +A1+ 2 )] (B11)

The boundary condition EQ depends on the space charge densiiy between the plates and

therefore on ¢ so it is convenient to introduce another dimensionless parameter & with
Vo/a, which is independent of g, taking the place of E.

£ =iz— E5¢?
S W B12)
C]

80 kr VO

Evaluating Eqn. B11 at V(u = 1) = V() yields the following relation between { and &

! CHH(’& —1og(c+ 1+§2)} (B13)

e

For given g, V(Q, kr and a Eqn. B13 deterrr}ines the field strength Eq at the cathode. At low
ionization density, {— >0, - > { and therefore Eg—> Vjj/a. At high ionization density

{~>e0,6->2 and Eg—> 0. The relationship between { and & is plotted in Fig. B1.

The complete solution for the voltage, field strength, charge densities and current
density between the plates assuming recombination is negligible is

Yo __¢ [ 1+ %2 +2log(é‘u+w/1+é’2 2)} (B14)

V, 2
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v 1
E(u)=—£§ u?+-&7 » (B15)
Py =—12

k+E(.u) B16)
___49a .
p_(u) = k_E(u)(l u)

| j=p+<u)v5+p_<u)v5_ EL7)

=qa ’

The collection efficiency f¢ is defined to be the ratio of ions collected to ions produced and
according to Eqn. B17 is unity as it must be since recombination has been neglected

e _
Je= ga (B18)

We now examine the self consistency of Eqns. B14-17 and the assumption that
recombination is negligible. In the presence of recombination the continuity Eqns. B2 are
replaced by

d .
‘éz‘(p+v5) =q9—4qy
P (B19)
5z‘(p-vD) =-q+4q,
where the recombination current density is given by
. '
4y =" psp- - (B20)
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Fig. B1: The relationship between the ionization density .
parameters { and &.

and o is the recombination coefficient. For Argon oy = 3x10~7 cm3/sec.8 In the presence
of recombination the collection efficiency is

[,z
fe=1-2-
qga
_p Ordat 11 ul-u) o
e kik Vg & u2+L2- (B21)
¢
. 4
o, ga 1 1
= _—LLTTI(C)
e k+k__ VO g
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The charge densities given by Eqn. B16 have been substituted on the second line of Eqn.
B21 and a dimensionless integral () has been defined. According to Eqn. B13 the integral
I can also be regarded as a function of &. For Eqns. B14-17 to be valid the recombination
term in Eqn. B21 must be small compared to unity. The integral I is plotted versus £ in

Fig. B2 and we see that until § gets very close to 2, or equivalently EQ gets very close to
0, I << 1. The combination of coefficients multiplying I in Eqn. B21 is also small

compared to unity for typical parameter values. For example for o = 3x10-7 cm3/sec, ¢ =
1x10°6 A/cm3, ky = 1.7 cm2/V-sec, k— = 500 cm2/V-sec, a = 0.3 cm and Vg = 300 V

. 4 :
&ﬂifz.omw‘. (B22)
e kik_ Vs

We therefore conclude that Eqns. B14-17 are valid for & < 2.0.

1.0E-04 ————r———r—r—— 1

8.0E-05 -

I
A

6.0E-05

4.0E-05 | -

2.0E-05 1

0.0E+00 MU B U R B
0.0 0.5 1.0 1.5 2.0

Fig. B2: The dimensionless recombination integral | versus &,
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We now look at the solution for three regimes: (1) low space charge
g->0,{->0,&- >0, (2) intermediate space charge {— >0, - > 2, E(z =0)=0 and (3)
high space charge £ >2. For g—> 0, {—>0, £~ >0 we have from Eqns. B14-17

lf==Eb==Jﬁl
a
V(u)=:Vbu
- 2
_ 94
P+ k+V0u .
“a? . B23)
qa (
_(w)=-"—(1-
P (u) k_vo( u)

j = v £ p_ (D
::qd

Eqns. B23 are very simple and what would be obtained by neglecting the ion and electron
densities in Poisson's Eqn. B1. The ion (electron) density increases linearly with distance
from the anode (cathode). Since k+ << k_ the space charge between the plates is dominated
by the ions in the ratio k/k4 ~ 300 for Argon and E ~ 1 kV/cm. If the ionization current

density increases with the other parameters held fixed the ion space charge builds up to the
point where it is no longer negligible and it starts to distort the electric field between the

- plates, suppressing the field at the anode and enhancing the field at the cathode. As €—>2

the field at the cathode is suppressed to zero. For {—>0,&->2, E(z=0)=0 we obtain
again from Eqns. B14-17

E@w)= 2-V£u
a

V() = —Vou?

_lga®
2k Vy (B24)

. 2
p_:::——l qa (l_l)
2 k_‘b u

j=qa

P+

where

-2 02 (B25)
Eoker
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Comparing Eqns. B23 and B24 the potential V(u) between the plates changes from a linear
to a parabolic function. The ion density in Eqn. B24 is constant between the plates and the
electron density becomes divergent as the anode is approached. This divergence is artificial
and due to the neglect of recombination and the strict requirement that E =0 at z = 0. We
will return to this below. For £ > 2 the ionization current density ¢ increases beyond that
given by Eqn. B25 and the E = 0 boundary moves off the anode and into the region
between the plates. The width w of the E = 0 layer is obtained by substitution of a - w for a
in Eqn. B25.

4 2
5=
SOkrVO
=22

(B26)

For 0 < z < w, we must have equality of the ion and electron charge densities p+ = p- or
otherwise the E = 0 condition would be violated. Furthermore with vanishing electric field
the ions and electrons created in this layer have negligible drift velocities and in steady state

continuity requires that the ionization current density be balanced by recombination; g = ¢,
We therefore obtain for £>2 and 0 <z <w,

Ew)=0

P (u) = —p_(u)
B \/*e_g (B27)
- (0

For w < z < a the solution is the same as Eqn. B24 but with the anode to cathode gap
reduced from a to a — w. The solution is obtained by substituting z — w for z and a — w for
a in Eqn. B24.
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u__._..

E)=2-0 4

a—wl_ﬁ

a

w2

u-v

V() = ~Vp| —2

- 1—-—

a

_Lg(a-w)?
AT - ®28)

lc}(a—w)z(l—-u
2 kY L w

po=-
u-—_.—..
a

The solutions for E and V are plotted versus u in Fig. B3 for £E= 05 2and8,

characteristic of the three space charge regimes just discussed. Corresponding plots of ion
and electron charge densities are given in Fig. B4.

For finite w, the current density falls below ga because of recombmatlon in the E=0
layer. From Eqn B28 we calculate

J=pvh+pvp

(B29)
=4(a-w)
and the collection efficiency is
fo=-L
qa
=1 £<2. | (B30)
2
= [= &£>2
4

* The collection efficiency is plotted versus  is Fig. B5. The parametric dependence of the

abscissa in Fig. B5 was deduced by Boag and Wilson? on the basis of dimensional
analysis. The curve in Fig. BS is in reasonable agreement with experimental data and
applies to any gas ionization chamber for which negative ions are not formed by electron

attachment. The condition for fc = 1is § <2 or

Vo lepk 1
a—g f~9q—+ 25 (B31)

which is the result given by Eqn.‘15.
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Fig. B3: (a) Electric field strength and (b) electric potential versus
normalized distance u = z/a between the plates of an Argon ionization

chamber for three values of the space charge parameter £ = 0.5, 2 and 8.
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Fig. B4: (a) Argon ion charge density and (b) electron charge density
versus normalized distance u = z/a between the plates of an Argon

ionization chamber for three values of the space charge parameter & =
0.5, 2 and 8.

43 -



We note that the divergence of p_ to infinity as u —> w/a in Eqns. B25 and B28 is
artificial and is due to the neglect of recombination and the vanishing of the electric field at z
= w. This is the same divergence that occurred in Eqn. B24 for € = 2, w = 0. The actual
density is limited by the density given by Eqn. B27. The charge density given by Eqn.
B27 is typically large compared to that in the un neutralized gap. Taking the ratio of
electron density in Eqn. B27 to the ion density in Eqn. B28 in the limit w -> 0 for o =
3x10-7 cm3/sec, qg= 1x10-6 A/cm3, k+ = 1.7 cm?%/V-sec, a = 0.3 cm and Vg = 300 V we
obtain

lim Peloceew _ [ed 2k:Y0 »
w—>0 p+W<z<a o & .
=8.3

If we set the magnitude of the divergent electron density equal to the ion density in
Eqn. B28 we obtain an expression for the location where the electron density neutralizes
the ion density

u=3+1‘—+—(1—ﬁ). (B33)

a k_ a

Since k+/k— = 1/300 this neutralization occurs very close to the effective anode surface at
u = w/a. The electric field strength where neutralization occurs can be obtained by
substituting the expression for u in Eqn. B33 into Eqn. B28 and is small compared to the
field strength in the un neutralized region, again because of the small value of k4/k_.

Zciz_____VO
k. a—-w
z_l_z Vo
300 a—w

E(p_ = P+) =
: (B34)
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**Work supported by the U.S. Department of Energy under Contract No. DE-AC 03-76SF00098.
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