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Abstract—We have conducted tests at the Fermilab Booster of o e A .
ionization chambers to be used as monitors of the NuMI neutrino ? L T —
beamline. The chambers were exposed to proton fluxes of up to \
10" particles/cn?/1.56us. We studied space charge effects which

can reduce signal collection from the chambers at large charged Target
particle beam intensities.

Monitors

Index Terms—lonization chambers, ionizing radiation, multi-
plication, neutrinos, particle beam measurements, space charge. _
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|. INTRODUCTION /! i ————
HE Neutrinos at the Main Injector (NuMI) beamline at the Dolomite Absorber
Fermi National Accelerator Laboratory [1] will generate
an intensev, beam from the decays of meson®guced in the Fig. 1
collisions of 120 GeV protons in a graphite target. The meson§ICTORIAL DIAGRAM OF THE NUMI BEAMLINE. THE 120 GEV PROTON
are focused by magnetic “horns” into a 675 m evacuateBEAM IS INCIDENT ON THE TARGET PRODUCING A HADRON BEAM THE
volume to allow decays to neutrinos. A downstream AIluU-POSITIVE HADRONS ARE FOCUSED BY THE HORNSOF WHICH THE PIONS
minum/Steel absorber and bedrock absorb the remnant hadron8AvEL INTO THE DECAY PIPE WHERE THEY DECAY INTO MUONS AND
and muons in the beam, leaving only neutrinos. The facility JON NEUTRINOS, MAKING THE NEUTRINO BEAM. THE HADRON MONITOR
expected deliver beam to neutrino experiments, beginning witAND MUON MONITORS MEASURE HADRON AND MUON FLUXES AT THEIR
the MINOS neutrino oscillation experiment, starting in earlyLOCATIONS AND ARE CONSTRUCTED OF THE ION CHAMBERS DESCRIBED
2005. HEREIN.
The meson decays/ K — ur, produce an energetic muon
for every neutrino, allowing monitoring and validation of the
neutrino beam focusing to be accomplished by monitoring of
the muon flux. As in several previous experiments, the mudenization chambers with 25 cm inter-chamber spacing, with
flux and remnant hadron flux at the end of the decay volunaae chamber array in each of the above stations. The hadron and
will be measured by arrays of ionization chambers [2], [3], [4nuon fluxes are measures of any targeting or focusing failures.
[5]. The peak charged particle fluxes in ong:9 accelerator burst
The beam monitoring system will measure the intensityill be 2000, 25, 3, and.5 x 10%/cm? in the four monitoring
and spatial distribution of the hadron beam at the end sfations.
the decay unnel, upstream of the absorber, and of the muonEach ionization chamber will measure the flux of charged
beam after the absorber and at several stations in the bedrqelticles by using an applied electric field to collect the ion-
The monitoring system will consist of 2 m 2 m arrays of jzation created in a helium gas volume. The charge measured
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1 cm guard ring. The sense pad is connected into the electronics
which provides a virtual ground. The guard ring is grounded.

0 g _
The chamber gas is pure helium at atmospheric pressure. & 9 E :
The major limitation of ionization chambers used as beamﬁg 3 3 ey Lol
monitors has been space charge build up inside the chambeR ¢ £ 52,0611 M;’ o
Intense particle fluxes release sufficient ionized charge in the<?l 5 F ° 5.2£10 o
chamber gas so as to create a reverse electric field insid& ;* 3 " S0e1 LT G .
the chamber. With the reduced net field in the chamber, ionég 2 E st wgwa&g”’?” © 1 mmC, He gas
require a longer time toelach the collection electrodes, and < (1) aan
hence suffer more recombination loss in the gas. Recombinatior? 0 50 100 150 200 250 300 350
losses increase at larger particle fluxes, resulting in a non-linear., o Chamber Voltage (V)
performance of the ionization chamber beam monitor at Iarge49 9 E o, .}'
intensities. ° 8 F .59 *
S T E o 2.5E11 -
- 6 F  2.0E11 m,
Il. BOOSTERBEAM TEST g s E om0 ! "
< 4 F = 4.4E10 _”‘?g"?:
A beam test of prototype ionization chambers was undertaker2 3 3 oy Bt s
at the Fermilab Booster accelerator, which delivers up toi ; g.&@&@'wi 1 mm IC, Heh; gas
10'* protons/cm of 8 GeV in a 1.56usec spill. Tested were & o E——b——ll Ll

two chambers, one with a 1 mm electrode spacing, the other
with 2 mm, with continuos gas flow. We studied the shape of
the ionization vs. voltage plateau curve at several intensities Fig. 2

and the linearity of the chamber response vs. beam intensity Ao VOLTAGE SCANS OF THEL MM ION CHAMBER (IC) IN HELIUM AND
Several applled VOItageS HELIUM HYDROGEN AT VARIOUS BEAM INTENSITIES(NOTED IN UNITS OF

For our beam test we placed two Ionlzatlon Chambers In PROTONSSPILL) THE VERTICAL AXIS IS THE RATIO OF CHARGE
the beam“ne The Chambers were housed In a Stalnless SJ[QZQJLLECTED FROM THEIC TO THE BEAM INTENSITY MEASURED BY THE
vessel with .005” Ti beam entrance and exit windows. Electri-
cal feedthroughs were made with stainless steel compression
fittings and PEEK plastic.

Two gas mixtures were used in the beam test. The primary
gas was pure helium supplied from a cylinder with 99.998%as flow was the same as that passed through the vessel. The
purity. The other gas was a mixture consisting of 98% Heliuprofile chambers indicated constant beam spot sigecnt.
and 2% Hydrogen, with< 20 p.p.m. of impurities. The gas The signal from each of the ion chambers and beam profile
was first passed through a getter and gas analyzer. Onl¢f@mbers were read out into a charge integrating amplifier and
measurement indicated impurites-of1.5 p.p.m. All gas seals then into an ADC [6]. The electronics were triggered on an ac-
were metallic consisting of compression fittings or coppe@elerator clock signal shortly before the beam pulse. The charge
gaskets compressed by vacuum fittings. integration time could be altered and taken between beam spills,

Upstream of our ion chamber vessel Fermilab providedaowing measurement of pedestals and backgrounds.
secondary emission monitor (SEM), to locate the beam. The
SEM provided targeting information upstream of the chamber, I1l. EXPERIMENTAL RESULTS
but was not usable in the analysis because the beam divergetiests of the chambers consisted of two complementary
after passing through the SEM, and it was only capable pfeasurements. The first held the beam intensity constant, while
measuring either the horizontal or vertical profile at any giverarying the voltages applied to the chambers. The second held
time. Furthermore, the SEM was insensitive betowx 10'*  the applied voltages constant while adjusting the beam intensity.
protons per pulse. During the portion of datataking above The results of the first test are displayed in Figures 2 and 3.
2 x 10! the SEM indicated constant spot size. Each chamber is exposed to several beam intensities and the

A beam toroid was the primary method of measuring theltage varied 0-350 V. The ratio of collected charge to the
beam intensity delivered to the apparatus. The toroid waseasured beam intensity is plotted as a function of applied
supplied with an amplifier and ADC whose least significantoltage.
bit was5 x 10° protons. The ideal voltage plateau curve would consist of a quick

Rigidly attached on the outside of the ion chamber vess@e to a constant charge collected per proton, independent of
were two beam profile chambers fashioned out of G-10 circwibltage and intensity. This constant charge collected would be
board and epoxy. Each chamber had a segmented signal eéeptal to the amount of charge liberated in the gas per proton.
trode composed of 110 cn? strips. One chamber providedAt higher voltages gas amplification is expected and charge
the vertical profile, the other the horizontal profile. The profileollected per proton would increase above the plateau. From
chambers were the primary method for determining beam sitlee height of the plateau on the 1 mm chamber one may

Chamber Voltage (V)

TOROID. EACH POINT IS THE AVERAGE OF10-20BEAM SPILLS.
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Fig. 4
BEAM INTENSITY SCANS OF THEL MM ION CHAMBER IN HELIUM AT
VARIOUS VOLTAGES.

Chamber Voltage (V)

Fig. 3
HIGH VOLTAGE SCANS OF THEL MM ION CHAMBER (IC) IN HELIUM AND
HELIUM-HYDROGEN AT VARIOUS BEAM INTENSITIES(NOTED IN UNITS OF

PROTON§SPILL). THE VERTICAL AXIS IS THE RATIO OF CHARGE . . . .
function of beam intensity for several applied voltages. Here,

ideal curves would all join at low intensity. Recombination loss,
especially visible for lower voltages, cause the curves to fall off
at higher intensity. The linear region is the operating range for
the chamber where charge collected is proportional to incident

infer a charge ionized per proton of 2.6 pC7iprotons, or flux.
1.6 electron-ion pairs per proton incident on a 1 mm gas gap.An analysis of the 200 V Helium curve up t@0 x
The drifting ions and electrons inside the chamber establisf'’protons/spill gives a good linear fig{/Npor = 456/625).
their own electric fields and the relatively slow drift veIomUesHOWGVer the intercept is less than zero: (-0.£50.012)
of the ions create a net space charge in the gas. This spad®” pC. The other data could not be satisfactorily fit to a
charge induced electiic fieldiscreens the electrodes, slowlifggar dependence for beam intensities0'® protohs/spill.
the transit of ions and electrons across the electrode gap. A3he nonzero intercept in the 200 V data is more apparent
discussed extensively in [7], [8], [9], operating ion chambers @then the curve is plotted as a ratio, as in F|gure 5 where
very large particle fluences modifies the voltage plateau curtiwe ratio of charge collected to beam intensity iis plotted
discussed above. If the speed of the charges is sufficientgrsus intensity. Here a straight line with zero intercept in the
slowed, recombination may take place. This recombination Igstevious plot corresponds to a horizontal line. In Figure 5 the
is especially evident: 150 V, where the lower voltages result in200 V curve is obviously curved upward then downward as the
slower ion drift velocities and longer ion transit times. This logstensity is increased from 1 t80 x 10'° protons/spill. This
also increases at higher beam mtensny or in the larger 2 niige is responsible for the negatlve intercept in the linear fit. In
gap chamber, where space chaige buildup should be worseSection IV we discuss how the interplay of multiplication and
Space charge effects were evident at all of the intensitiggsombination can cause such an effect. Similar to the voltage
delivered by the Booster. In Figure 2 all of the curves, exceptateau data, the data in Figure 5 indicate a collected charge
possibly one, show a slope in the plateau region, sugqestmg tbat-3pC/10protons in the 1 mm chamber, or 18 electron-ion
there is little or no region where the charge is collected ‘withopairs per cm in the He.
loss or gain. The only useful voltage looks to be 130-190 V for The S|m|Iar|ty between the Helium and Helium-Hydrogen
the 1 mm chamber, where the curves all intersect. In Section t\dta is mterestlng Gas additives with lower excitation po-
we analyze this in terms of competing recombination artdntials are commonly used to increase the drift veIOC|ty of
multiplication effects in the gas. electrons [8], which might naively be expected tq. reduce
Figure 4 displays the results of the second test performedracombination losses. However, the recombination loss is not
our beam test for the case of the 1 mm chamber in Heliusubstantially changed by the addition of ,thnd in Section IV
The charge collected from the ion chamber is plotted aswa discuss how the ion drift more strongly affects space charge

COLLECTED FROM THEIC TO THE BEAM INTENSITY MEASURED BY THE
TOROID. EACH POINT IS THE AVERAGE OF10-20BEAM SPILLS.
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DUE TO SPACE CHARGE ACCUMULATION OCCUR AS THE BEAM PULSE

NORMALIZED BEAM INTENSITY AN F THE1MM ION CHAMBER AT
© s SCANS O oNC DEVELOPS

VARIOUS VOLTAGES. HERE, THE VERTICAL AXIS IS THE RATIO OF CHARGE
COLLECTEDTO THE BEAM INTENSITY AS MEASURED BY THE TOROID THE
POINTS ARE FOR APPLIED BIAS POTENTIAL OO0 Ve, 150V (125 VFOR
2MM-HE) O, 200 VA, AND 250 V o, The simulations indicate a complex interplay between gas am-
plification and charge recombination as a result of space charge
build up. This calculation will then be used to extrapolate to
the particle fluxes and 8.8 spill duration expected in NuMI.
build-up, hence recombination loss, in the chamber. Only Helium gas was simulated as literature data for the gas
Another parameter that might be expected to vary as a respiyperties of Helium-Hydrogen are minimal, and the beamtest
of the additive is the jonization per proton. The incident protorfata were not significantly different for the two gases
excite metastable states in the Helium, which are followed by
collision of Helium atoms with the Hadditive, yielding strong A. Simulation Method
ionization of the H [10]. That the observed ionization/proton
is not significantly increased by the,Hadditive is perhaps
indicative that even the minute impuritiesc1.5 p.p.m.) in
the nominally pure Helium gas are sufficient to increase t
ionization. The observed 1.6-1.8 ionizations/mm per proton

our data is notably_:higher than the 0.8-1.0 ionizations/m e ) X
inferref from the dE/dx of fast charged particles and thi@akes the approximation that all charges in the dead region are

w=42 eVlionization [11] for the purest Helium. Thus théostdueto recombination. In [13], an ion chamber ionized over

nominally pure Helium used in typical chamber application% short duration is studied, but again the assumpt.ion_is made
is likely effectively doped. that all charges in the dead zone are lost to recombination. That

assumption is not valid for our experiment where the beam
pulse is of short duration allowing the dead zone to disappear
before the charge completely recombines.

In this section we model the data collected at the BoosterThe present work considers the time dependant case where
beam test using a computer simulation of the pulse developmantization is delivered in short pulse of 16 and allowed
in an ion chamber. The simulation incorporates the known drifi drift out of the chamber. Our simulation is a finite element
of electrons and of Helium ions in electric fields, the effects allculation of one spatial dimension, such that there are se-
volume recombination of charges, and of gas amplification. Thies of inflnite planes of charge between the electrodes. The
simulation follows the charges during and after the beam sp#lectrons and ions are drifted with the velocites discussed in
recording the net charge collected at the chamber electrodgsction IV-B. Space charge is calculated at each step and

The differential equations goverriﬁ_b the charge flux and elec-
tric field evolution inside the ion chamber are nonlinear. Some
garlier work analyzed special cases. [12] demonstrated that
space charge accumulatip_q in a canotusly-ionized chamber
fruses the formation of ai‘dead region” of no electric field, and

IV. SIMULATION
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SIMULATED ELECTRIC FIELD EVOLUTION IN TERMS OF POSITION AND SIMULATED ELECTRIC FIELD EVOLUTION IN TERMS OF POSITION AND
TIME FOR A 1 MM ION CHAMBER OPERATED AT200 V WITH IONIZATION TIME FOR A 2 MM ION CHAMBER OPERATED AT200 VWITH IONIZATION
OF 10'! |oN./cc/uS FOR1.64S. A “DEAD ZONE” REGION WITH A VERY OF 10" 1oN./cc/uS FOR1.6 4S. A “DEAD ZONE” REGION WITH A VERY
LOW ELECTRIC FIELD FORMS AT ABOUTO0.3 S INTO THE BEAM SPILL, AND  LOW ELECTRIC FIELD FORMS AT ABOUT0.34S INTO THE BEAM SPILL, AND
EVENTUALLY GROWS TO COVER A THIRD OF THE CHAMBER THE SPACE EVENTUALLY GROWS TO COVER MOST OF THE CHAMBERSHORTLY INTO

1

CHARGE ACCUMULATION ALSO INCREASE THE ELECTRIC FIELD IN PART OF THE SPILL THE BEHAVIOR OF THE HALF OF THE CHAMBER ADJACENT TO
THE CHAMBER TO THE POINT WHERE THE MAXIMUM ELECTRIC FIELD AT THE CATHODE IS ALMOST IDENTICAL TO THAT OF THE1 MM CHAMBER IN
THE CATHODE IS ALMOST THREE TIMES THE APPLIED ELECTRIC FIELD FIGURE Y.

B. Gas Properties
an image charge is induced such that the potential difference P

betweeen the elecfroties is faintained at the applied voltage. The parameters of charge drift, loss, and amplification used
. -z S . ._in this simulation_ have been taken from several literature
Simulated electric field distributions as a function of tim urces. The electron drift velocities as aifunction of electric
erl slhovr;/]n r:? Fli%urers]IG,ch ar?dr 8. tThrf flg?tresnj?or\:v ;[he r:' f Id are taken:_-ffom [14]. For the drift of Helium, we use the
development Using orly the Sharge fansport, and ignore Chagdiliry for the Hef_ion, gy, = 20 i /(V-s) [14], following
o _ P oo _ the discussion of [LQ] which notes that above pressures of a few
The electric field simulated in Figure 6 is calculated at aforr, Het ions tend to collide in the gas and form molecular

intensity of 10 ionizations/c/us, where the excess of i0nSions. Previous work [15], [16] have cited 10 &V -s) as the
slightly warps the field. In Figure 7, the ion excess is mugilevant mobility for He. i Pl

greater, to the point where it entirely screens the anode frompe simulated charge loss through two- and three-body
the applied field, creating a dead zone. As ionization continu@Sume recombination of electrons ions. [14] and [17] pa-
in the dead zone the ion and electron densities there incregg@eterize recombination of the formin_ /dt = dn.. /dt =
because the charges are effectively trapped. When the beﬁ%_m,, with ny (n_) the positive (negative) ion densities
spill ends the dead zone slowly fades away. Charge is ablej{othe gas, and the measured recombination coefficient
escape from the edge of the dead zone because the dead zopgis 17-8 cm?/(ion-s).
no'F cregted by the charge inside, but the excess oI:ions outsidgyve did not simulate charge Ios;_:‘; throu'g-h' the process of elec-
of it. tron attachment to electronegative impurities and subsequent
Figure 8 is calculated at the same intensity as Figure 7, hetombination. Using the data from [7] and [17] we find that
for the 2 mm gap chamber. The half of the chamber close to ttie attachment of electrons to Oxygen in the gas is insignificant
anode has almost exactly the behavior of the 1 mm case. Tfds impurity levels less than 30 p.p.m. (to be compared with
similarity is a result of the complete screening of the electrit.5 p.p.m. observed in our chambers). Attachment is negligle
fied by space charge which makes the rest of the chamber in tiver the drift region and occurs primarily in the dead zone
dead zone irrelevant, until the charge has a chance to excageere the electrons persist for a greater time. There, the
after the ionization period (the beam spill) ends. electrons will attach with a time constamt = (67/x) ms,
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SIMULATED NORMALIZED INTENSITY SCANS OF A1 MM IN CHAMBER SIMULATED NORMALIZED INTENSITY SCANS OF A 2 MM IN CHAMBER

OPERATED AT VARIOUS VOLTAGES WHERE CHARGE RECOMBINATION AND OPERATED AT VARIOUS VOLTAGES WHERE CHARGE RECOMBINATION AND
GAS MULTIPLICATION ARE INCLUDED. THE VERTICAL AXIS IS THE RATIO GAS MULTIPLICATION ARE INCLUDED. THE VERTICAL AXIS IS THE RATIO
OF CHARGE COLLECTED TO THE AMOUNT OF CHARGE INITIALLY IONIZED OF CHARGE COLLECTED TO THE AMOUNT OF CHARGE INITIALLY IONIZED
IN THE CHAMBER THE HORIZONTAL LINE AT 1.00N THE VERTICAL AXIS IS IN THE CHAMBER THE HORIZONTAL LINE AT 1.00N THE VERTICAL AXIS IS
EXPECTED WHEN THE SPACE CHARGE EFFECTS OF RECOMBINATION AND EXPECTED WHEN THE SPACE CHARGE EFFECTS OF RECOMBINATION AND
MULTIPLICATION ARE IGNORED. MULTIPLICATION ARE IGNORED.

C. Simulation Results

We found _that the simulated space chamecumulation

whireg isdthe impurityflev:ejl in p.p.md Lhe, elect_rgns.persiséause;_:_’- not dgn_'iy recombination losses, but the high fields also
in the dead zone time of order 16 and the impurities in our cause significant multiplication. This result can be seen in

beam test were of order 1 p.p.m giving about 0.1% attaChmef—'fgures 9 and 10 where the charg'@' collected per ionization

Charge amplification in the chamber gas is modeled V&N actu_ally increase with ionization,.until recombination takes
dN/dz = Na, with the Townsend coefficient: modelled over._Thls §hom_JId.be compared to Flgure_ 5. Both the data and
via o/ P = Aexp[—B/(X/P)], where P is the chamt;e'r gas the S|mulat|_0n_ indicate such an effect. This feature of the_curve
pressure,X is the applied electric field, and the parameter@akes thefitline hgve a negatlye mte_rcept, as stated ea}rller. The
A = 3 ion pairs/(cm-Torr) andB = 25 V/(cm-Torr) [18]. lower voltage required in the simulation to generate this effect

This parameterization is taken from a source with similar g&yggests that multiplication may be querstatedin simulation.

purity, which is of importancé because the purest Helium gas!he Simulation wes used to generate voltage plateau curves
The results, shown in Figures 11 and 12, can be

has significantly lower Townsend coefficient but is sensitive & Well : , n o
even a few p.p.b. impurity level [14]. compared to Figures 2 and 3 r_espec.tlvely. The behavior is
marked by greater losses at high intensity and low voltage, and
The ionization rate in the simulation is quoted in units odlso by a crossing point where the curves all approach each
ionizations/cr/us in order to factor out the question of howother. The crossing point occurs when the charge collected
many ionizations are created by an incident proton. Givamuals the charge liberated in the gas. In the simulation this
dE/dx and ¥, the average energy loss necessary to createcurs atv140 V and 210 V for the 1 and 2 mm chambers. In
one ionization in the gas, for Helium, values of 8-16/cm hawbe data, these points occur at 175 V and and 190 V. Another
been derived [11], [15], [16], [19], but this too is sensitive tdeature is that higher intensities can show gain at lower voltages,
impurity level. For comparison to our data from the Boostaesulting in the curves diverging after the crossing point.
beamtest, 1 ion./cpk corresponds to 0.6 protons/spill if the The behavior observed in the data is nominally reproduced
beam spot size of 5 cmand ~16 ionizations/cm in Helium by the simulation. The crossing point occurs at a higher voltage
are used. than in the simulation of the 1 mm chamber, again suggesting
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that multiplication is overstated there. The crossing point can

THE CHAMBER.
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V. CONCLUSION

(1]
We have performed a beam test of Helium- and Helium-

Hydrogen-filled ionization chambers at the Fermilab Booster
accelerator. We have compared the experimental results
our own calculation of the expected charge collection in such
chambers. While we have yet to extrapolate our calculations to
the anticipated NuMI beam environment using the constraing
of our beam test data, several effects of interest are observed.
First, calculation of the expected ionization per charged particle
in Helium baseddZ/dx loss and the valuev = 42 eV >l
from [11] may ignore~p.p.m. impurities in most chamber
gas which result in additional ionization. Second, similar to
previous work, our results indicate that space charge effec@
induce recombination losses in the collected charge at high
particle fluxes; however, our results indicate additionally that’]
gas amplification occurs in the ion chambers at high bea
intensities due to the large space charge build-up of the electric
field. The gas amplification gains compete with the losse¥!
due to recombination, effectively extending the range of linegp,
response of the ion chamber with respect to beam intensity.
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