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Abstract

Apart from the electric �eld strength, the drift velocity dependson gaspressureand
temperature, on the gascomposition and on possiblegasimpurities. We show that the
relevant gastemperature, while uniform acrossthe TPC volume, dependssigni�cantly
on the temperature and 
o w rate of fresh gas. We present the correction algorithms
for changesof pressureand temperature, and the precisemeasurement of the electron
drift velocity in the HARP TPC.



Con ten ts

1 In tro duction 2

2 Theoretical exp ectation on drift velocit y variations 2

3 The TPC gas 3

4 Drift velocit y variation with gas temp erature 4

5 Drift velocit y variation with gas pressure 6

6 The algorithm for temp erature and pressure correction 7

7 Drift velocit y variation with gas comp osition and impurities 9

8 Small-radius and large-radius tomographies 12

9 Comparison with `O�cial' HARP's analysis 15

1



1 In tro duction

In a TPC, the longitudinal z coordinate is measuredvia the drift time. Therefore,the drift
velocity of electronsin the TPC gasis a centrally important quantit y for the reconstruction
of charged-particletracks.

Sincewe are not concernedhere with the drift velocity of ions, we will henceforth refer to
the drift velocity of electronssimply as `drift velocity'.

In this paper, we discuss�rst the expecteddependenciesof the drift velocity on temperature,
pressureand gasimpurities. Then wewill discussthe methodsof measuringthe drift velocity,
and �nally give our results for drift velocities.

A preliminary account of our work was given in our group's 2005 Status Report to the
SPSC[1]. Here,wepresent an update of this earlier, incomplete,work. First, the dependence
on gaspressurethat wasneglectedbefore,is now taken into account. Second,while dynamic
TPC distortions were only approximately correctedbefore, their precisecorrection is now
�nalized. Third, the TPC pad plane temperature that we usedearlier as reference,is now
recognizedas incorrect representation of the TPC gastemperature.

The drift velocity has also beendiscussedand determined in `O�cial' HARP's large-angle
analysis[2]. We disagreewith their approach and results. `O�cial' HARP's approach and
results described in the HARP Technical Paper [3] are somewhat improved, however the
disagreement with our results persists. We comeback to this issuein Section9.

2 Theoretical exp ectation on drift velocit y variations

The electrondrift velocity dependson E=� , the ratio of the electric �eld strength to the gas
density (`reducedelectric �eld'), and through the latter on gas temperature and pressure
(see,for example,Ref. [4]).

From a linear expansionof the drift velocity around 1=� 0, we obtain

v(1=� ) = v(1=� 0) + dv=d
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From the law of ideal gases,the following relation is expectedto hold approximately between
the relative changesof the gasdensity, temperature and pressure:
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whereT is the absolutegastemperature and and P the absolutegaspressure.
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Inserting � �=� from Eq. (3) into Eq. (2) gives for the dependenceof the relative variation
of the drift velocity on relative temperature and pressurechanges

� v
v

' �
S
�v

� � P
P

�
� T
T

�

= � �
� � P

P
�

� T
T

�

: (4)

We note that the samecoe�cien t � alsodeterminesthe dependenceof the relative variation
of the electron drift velocity on the relative variation of the electric �eld strength:

� v
v
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E

: (5)

3 The TPC gas

The HARP TPC was operated with the P9 gas mixture (91% argon and 9% methane by
volume) at � 5 mbar above the ambient atmosphericpressure(the overpressurewas deter-
mined by an oil level in a bubbler). The temperature of the gasresulted from the ambient
temperature of the experimental hall, from the cooling power of the water-cooled metal
sheetswhich shieldedthe TPC from the heat of the solenoidalmagnet coil, and from the
temperature of the incoming fresh gas.

The electric drift �eld was111V/cm, the solenoidal�eld was0.7 T. The P9 drift velocity is
for theseparametersat nominal operating conditions of 760mm Hg and 30� C temperature
at its maximum (seeFig. 1). The purposeof this particular operating condition1 was to
minimize the dependenceon small variations of the electric �eld strength and of the gas
density.

At the nominal operating conditions, the MAGBOLTZ prediction [5] of the absolute drift
velocity is

v = 5:277� 0:016cm=� s: (6)

Variations of the drift velocity may arise from deviations from the nominal gas pressure,
the nominal temperature, and the nominal gas mixture (for example, a larger methane
percentage will increasethe drift velocity).

Sincethe driftv elocity is at the nominal operating conditionsat or very closeto a maximum,
the slopeS de�ned in Eq. (1), while expectedto besmall in absolutevalue,may havepositive
or negative sign.

The MAGBOLTZ prediction of the relativevariation of the drift velocity with temperature[5]
{ at nominal conditions and at constant pressure{ is

� v=v = +1:9 � 10� 4 � T (7)

1The gasmixture and the operating conditions were taken from the experiencewith the ALEPH TPC.
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Figure 1: Drift velocity (cm/ � s) of the P9 gasasa function of the electric �eld strength [5].

or

� v=v = +5:8 � 10� 2 � T
T

; (8)

whereT and � T are in degreesKelvin.

4 Drift velocit y variation with gas temp erature

While the measurement of the absolutedrift velocity is non-trivial, its relative variation is
much easier to determine. For our study of variations of the drift velocity, we used the
reconstructedz-position of a thin Be target as determinedfrom the extrapolation of tracks
back to the target.

The observed variation of the drift velocity (inferred from the apparent variation of the z
target position) from data taken in August 2002over nearly three days (seethe left plot in
Fig. 2) shows an unambiguouscorrelation with the recordedtemperature of the TPC's pad
plane (seethe right plot of Fig. 2). The apparent variation of the target position is at the
level of 2 mm.

Figure 2 shows yet another interesting feature: the z of the target position is larger at the
third maximum than at the secondmaximum, although the temperatures are nearly the
same. This e�ect arisesfrom the concurrent variation of the atmosphericpressureduring
this data taking period.

Perhaps the most intriguing feature of Fig. 2 is the time delay between the temperature
variation of the pad plane and the temperature variation of the drift velocity. In this data
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Figure 2: Apparent variation of the z target position (determined with an assumeddrift
velocity of 5.140cm/ � s) with time (left panel); temperature of two sectorsin the TPC pad
plane as a function of time (right panel).

set, it was determined to be about 3 hours (in other data sets, di�erent time delays were
found, all several hours long).

What is the origin of the 3 hours delay? To answer this question,we embark on two short
digressions.

1. How long does it tak e that a 1 degree temp erature increase of the pad plane
leads to a 1 degree temp erature increase of the TPC gas?

The answer is found from the law of heat 
ux:

d� = � � � dA � r T :

For the TPC gas,� � 0:018Wm � 1deg� 1. With a heat capacity Cp � 0:676Jg� 1deg� 1,
a volume of 7:5 � 105 cm3, and a density of � = 1:69� 10� 3 g cm� 3, 1140J must be
transported through the TPC gas,which needsabout 50 hours.

In conclusion,the TPC gas is a very good insulator. It takes a long time to change
the gastemperature through temperature changesof the outsideenvelope of the TPC
gas.

2. How long does it tak e that a local temp erature increase by 1 degree inside
the TPC gas leads to a uniform temp erature increase across the whole TPC
volume?

The answer is found from Fick's law of the changeof a concentration c by di�usion,

@c
@t

= D � r 2c :
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For the TPC gas, the di�usion coe�cien t is D � 0:16 cm2s� 1, therefore any local
temperature 
uctuation is equalizedwithin secondsacrossthe TPC volume.

In conclusion, the TPC gas represents at any moment a bath of equal temperature
acrossthe TPC volume.

It follows that it cannot be the temperature of the TPC envelope that can changethe gas
temperatureon the time scaleof a fewhours. The only possibility is that the gastemperature
changesbecausethe old gaswith its old temperature mixesalmost instantaneouslywith the
newly incoming gaswith its new temperature.

The newly incoming gaspassedthrough � 100m long thin copper pipesacrossthe experi-
mental hall, and thereforeadoptedcloselythe ambient temperature of the hall2. If the latter
changes,notably from day to night, it is the exchangerate of the TPC gasthat de�nes the
TPC gastemperature.

Typically, one TPC volume was exchanged every half day, but there were at occasions
changesof the 
o w rate (the 
o w rate varied between60 and 120 l/h).

Figure 3 shows, for illustration purposes,a toy model of both the amplitude diminuation
and the time delay of the TPC gas temperature with respect to the temperature of the
experimental hall. For a 
o w rate of 120l/h, the delay is about 3 hours. The dependenceof
the amplitude of the temperature variation on the 
o w rate is manifest.

Sincethe delay dependson the exchangerate of the TPC gas,which waschangedat speci�c
times, it will beconstant in between. The delayscanbemeasuredfrom the apparent variation
of the z target position with respect to the variation of the hall temperature (sameprocedure
asshown in Fig. 2). From the delay the 
o w rate canbedeterminedandcross-checkedagainst
the somewhatfragmentary knowledgeof the 
o w rate from logbook notes(SeeTable 1 for a
summaryof the logbook notes). With the known 
o w rate, it is straightforward to calculate
the temperature of the TPC gasas a function of the experimental hall's temperature.

5 Drift velocit y variation with gas pressure

During data taking, the atmosphericpressureand the TPC gaspressureat the TPC outlet3

werecontinuously recorded.The pressurereadingsarelinearly related to the neededabsolute
pressure.

This linear relation wasestablishedwith the help of meteorologicaldata recordedat Geneva{
Cointrin. Becauseof occasionalsignal saturation, only the atmosphericpressurerecording
turned out to beuseful. The detailedanalysisof the TPC gaspressureis described in Ref. [6].

The small overpressureof � 5 mbar of the TPC gaspressurew.r.t. the atmosphericpressure
was ignored4.

2This conclusion is corroborated by the observation that the inlet gas temperature shows the same
variation with time as the ambient temperature of the experimental hall.

3The `TPC outlet' position was actually some15 metres away from the TPC.
4The overpressurewas constant through all data taking.
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Figure 3: Toy model of the variation of the TPC gas temperature with time; the full line
represents the day{night variation of the ambient hall temperature and thus the temperature
of the `new' gas; the dashedline shows the TPC gastemperature for a 
o w rate of 60 l/h,
and the dotted line for a 
o w rate of 120l/h; in both casesthe initial TPC gastemperature
is arbitrarily taken as 29� C.

The pressuredependenceof the drift velocity has not beenexperimentally studied per se,
becauseof the superposition of the variations with temperature and pressure,and because
the relative pressurevariation was generally smaller (and less regular) than the relative
temperaturevariation (the day{night regularity of which madeits identi�cation much easier).

6 The algorithm for temp erature and pressure correc-
tion

We now determinethe proportionalit y constant � of Eq. (4) which relatesthe relative vari-
ation of the driftv elocity with the di�erence of the relative variations of temperature and
pressure. We take as temperature the calculated delayed TPC gas temperature, and as
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Table 1: Summaryof the logbook noteson setting or changing the TPC gas
o w during the
2002data taking.

Date Gas 
o w [litres/hour] Comment
? 60
10/05/2002 80
18/07/2002 120
? 60 special gascheck
24/07/2002 25 krypton calibration
? 60
04/08/2002 90
05/08/2002 ? leak on input pipe repaired
09/08/2002 ? gasbottles changed
? 85
13/08/2002 90
11/10/2002 110

pressurethe measured instantaneousatmosphericpressure:

� v
v

= � �
� � Phall

Phall
�

� TTPC

TTPC

�

: (9)

Beforewe give the result for � , we demonstratethe validit y of our procedure.

We show in the upper group of four panels in Fig. 4 the measuredz target position as a
function of the `e�ective' TPC gastemperature that is de�ned as

Te� = (T + 273:15) � (966=P) � 273:15 ;

whereTe� and T aremeasuredin � C (in other words, small pressurevariations are translated
into temperature variations). 966 hPa is the averagerecordedatmosphericpressure. The
`e�ective' TPC gastemperature is calculatedwith di�erent gas
o ws ranging from 50 to 200
litres/hour. If the dependenceof the measuredz target position on the `e�ective' TPC gas
temperature is approximated as linear, the � 2 of straight-line �ts will have a minimum at
the gas
o w that results in a delay of the TPC gastemperature which is in phasewith the
variation of the z position. The lower panel in Figure 4 shows that the optimum gas
o w is
85� 5 litres/hour, in good agreement with the value of 90 litres/hour suggestedby logbook
recordings.

The lower panel in Figure 5 shows the z target position as a function of time. The �gure's
upper panel shows the measured hall temperature and the `e�ective' TPC gastemperature
calculated for a gas
o w of 90 litres/hour. Unlike the hall temperature, the `e�ective' TPC
gas temperature is well in phasewith the variation of the z target position. We conclude
that our model of calculating the TPC gastemperature is correct.

Two remarksare in order.

First, the data comprisea so-called`temperature at TPC outlet'. It turned out that this
temperature cannot possibly be representativ e of the temperature of the TPC gas since

8



it is in phasewith the hall temperature, but reducedby an approximate factor of two in
amplitude variation. Therefore,we concludedthat there must have beena mistake with the
connectionsof temperature sensors.We have discardedtheserecordings.

Second,the aboveconsiderationsdo not apply to cryogenictargetssincethe low temperature
of thesetargets createda completely di�erent environment for the TPC gastemperature.

From Eq. (9) we obtained
� = � 0:27� 0:01 ; (10)

which meansthat for a 1 degreeincrease of the `e�ective' temperature, the drift velocity
decreasesby 0.09percent.

This dependenceis a factor of �v estrongerthan the theoreticalprediction of � = +5:8� 10� 2,
seeEq. (8), and has the opposite sign.

7 Drift velocit y variation with gas comp osition and im-
purities

Moleculesaremuch easierexcitedby low-energyelectronsthan atomsof noblegasesbecause
of their rich spectrum of rotational and vibrational states. Henceeven small admixtures of
moleculesto a noble gasmay have a large impact on the drift velocity.

Speci�cally, sincethe threshold for excitation from ground level of the atomic argon atom
is more than two ordersof magnitude larger than that for the methanemolecule,the drift
velocity dependscritically on the exact argon/methaneratio [7]. The measureddependence
on the argon/methaneratio [8] is � v=v ' +0:03 for a methaneincreasefrom 9 to 10%.

The methanevolumecontent of the pre-mixedgaswasspeci�ed with a precisionof 9� 0:5%.
(measurements of the mixture ratio indicate that the error was smaller by perhapsa factor
of two, however we cannot be sure). During the 2002data taking, new batchesof pre-mixed
gasweresupplied on 5 April, 8 May, 24 June, 9 August, and on 25 September [9], hencewe
are dealingwith �v e di�erent gasmixtures, with an estimatedvariation of the drift velocity
up to � 1:5%. Therefore,after due correctionsfor gaspressureand temperature, we must a
priori still be preparedfor �v e systematically di�erent driftv elocities during the 2002data
taking.

Another danger arises from unwanted admixtures such as water. The water molecule is
particularly dangeroussincee.g. at 0.1eV the crosssectionof excitation by electronsis some
three ordersof magnitude higher than the respective crosssectionsof argon and methane.

Water moleculesare omnipresent and may have contaminated the TPC gasthrough pieces
of plastic pipesand other materialswhich are permeablefor water and absorbmoisture from
the environment [10], at a level that we have no way of knowing. Sincethe humidity of the
atmospherewasnot constant, we cannot a priori excludesomeresidualvariation of the drift
velocity due to the ambient humidity in the experimental hall.
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8 Small-radius and large-radius tomographies

The drift velocity is determined from the di�erence of the electron arrival times from two
points along the z coordinate inside the TPC whosegeometrical position is known from
construction. This comparisondeterminesboth the drift velocity and a non-zeroo�set of
the z coordinate.

Systematicerrors from two sourcesmust be kept under control for the determination of the
drift velocity:

1. z coordinate of clusters
On the average,the reconstructedz coordinate of clustersmust coincidewith the tra-
jectory of the physical track. For this reason,we have adopted the charge-w eighted
time average of the largest `hit' in a cluster asthe best estimator of the cluster's
z position5, in order to take the largest e�ect into account, that is the polar-angle
dependenceof the number of time-samplings. There is also an e�ect of residual `dy-
namic crosstalk' which is polar-angle dependent. Both e�ects, however, will cancel
if only tracks through di�erent locations in z but with the same polar angle are
considered.

2. Static and dynamic TPC distortions
In both static and dynamic TPC distortions, displacements of the r � � coordinate are
coupledwith displacements of the r coordinate. Furthermore, both static and dynamic
TPC distortions vary strongly acrossthe TPC volume. Therefore,for the reconstruc-
tion of the two distinct points along the z coordinate that serve to measurethe drift
velocity, a precisecorrection of TPC distortions is necessary. When only cosmictracks
are used for the determination of the drift velocity, only static TPC distortion cor-
rections are needed. However, cosmicsdata are not available for all �v e batches of
gas. When using physics tracks, the correction of dynamic TPC distortions also is
necessary. In our analysis,both static and dynamic TPC distortions are under control
to better than 150and 300 � m, respectively, throughout the entire TPC volume [11].

Two methods are at disposal to measurethe drift velocity which we termed `small-radius'
and `large-radius'tomographies.

The small-radius tomography works with tracks that originate from the known position of
a thin target, and from the (in principle) known position of the stesalit endcapof the inner
�eld cagethat is located downstream of the target. The method has the advantage that
tracks of the samepolar angle can be compared. It has the disadvantage that the stesalit
endcaprepresents little target material so that the number of tracks is small, that its exact
material distribution in the longitudinal z coordinate is uncertain, and that the distortion
of the electric drift �eld is betweenthesetwo points larger than anywhereelsein the TPC's
tracking volume. When extracting the drift velocity from the reconstructedpositions of a
thin target and the stesalit endcap,a systematicbiasof 1 to 2%is expectedif the dependence
of � v=v on � E=E is not taken into account accordingto Eq. (5).

5We recall that a `hit' denotesin a given pad the sequenceof chargesper time slice.
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The large-radius tomography works with tracks that originate from a thin target and hit
the geometrically well-de�ned borders between barrel RPC pads in the z direction. The
signature of such a hit is a good RPC timing signal in two adjacent pads, with no other
RPC hit nearby.

The large-radiustomography involves the comparisonof tracks with di�erent polar angles,
which is a disadvantage. In our view, this is outweighedby threeadvantages: (i) the positions
of the seven points in z, spacedby 240mm, provide a much larger lever arm than the single
268.5mm distancebetweenthe centres of the target and the stesalit endcap;(ii) the seven
points permit to test the expectation that the drift times versusthe z positions satisfy a
straight-line �t; and (iii) the spacingof 240mm and their positions in spaceare known with
high precision.

We considerthe result from the large-radiustomography as the correct one, for its system-
atic superiority. It results in a driftv elocity that is valid in a large fraction of the TPC's drift
volume. We modify this driftv elocity, though, accordingto local static and dynamic distor-
tions of the electric �eld. This way, we obtain correct z positions of clusterseverywhere,in
particular also in the di�cult small-radiusregion.

For illustration, we give in Tables2 and 3 results for the casesthat a constant drift velocity
is determined, i.e., its dependenceon electric �eld distortions is ignored.

In Table 2 we comparethe relative drift velocities v=vref and the z o�sets from small-radius
and large-radiustomographiesin four di�erent data sets(the referencedrift velocity, vref =
5:140 cm/ � s, is used for historical reasons). The quoted errors are for the small-radius
tomography statistical only, while for the large-radius tomography the systematic error is
included. It is evident that the tomographiesat small and large radius show a consistent

Table 2: Relative drift velocities v=vref and z o�set [mm] from large-radiusand small-radius
tomographiesin four di�erent data sets.

thinBe+8.9 thinBe-8.0 thinTa+3.0 thinTa+5.0
T [� C] 27.3 26.7 27.6 27.0
v=vref large radius 1.0145(8) 1.0100(8) 0.9992(8) 0.9952(8)
z o�set [mm] 17.0(8) 16.2(8) 15.9(8) 15.1(8)
v=vref small radius 1.0077(1) 1.0018(3) 0.9914(3) 0.9891(5)
z o�set [mm] 13.8(1) 13.0(1) 12.5(1) 12.9(1)

bias with respect to each other.

To put into perspective the size of the bias, we show in Table 3 a comparisonbetween
the nominal and the reconstructed positions of the centres of the target and the stesalit
endcap, using the drift velocity obtained from the large-radius tomography. While the
nominal and the reconstructed target positions are in reasonableagreement, the nominal
and reconstructedstesalit endcappositions are not6.

6The discrepancydiasappearswhen the dependenceof the drift velocity on the electric �eld distortions,
which are largest at the position of the stesalit endcap, is taken into account.
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Table 3: Nominal and reconstructedpositions [mm] of the centres of the target and of the
stesalit endcap,in �v e di�erent data sets.

Target (nom.) Target (rec.) Endcap (nom.) Endcap (rec.)
thinBe+8.9 0.0 +0:1 � 0:6 268.5 270:4 � 0:6
thinBe-8.0 0.0 +0:8 � 0:6 268.5 271:5 � 0:6
thinTa+3.0 2.9 +3:4 � 0:6 268.5 271:1 � 0:6
thinTa+5.0 2.9 +3:6 � 0:6 268.5 270:8 � 0:6
thinH2O+1.5 0.0 � 0:7 � 0:6 268.5 270:5 � 0:6

Table 4 givesthe electrondrift velocities for two physicsdata setsand for onecosmicsdata
set, all taken during the year 2002,normalizedto 25� C temperature, 966hPa pressure,and
an electric �eld of 111.1V/cm.

We observe di�erences betweendrift velocities larger than expectedfrom the quoted errors,
likely to be causedby the useof di�erent gasmixtures. There are also small variations of
drift velocity betweendata sets taken with the samegasmixture, likely due to changesof
gashumidity.

Table 4: Results for the electron drift velocity, normalized to 25� C temperature, 966 hPa
pressureand an electric �eld of 111.1V/cm; the stated periods denotethe respective useof
batchesof gasbottles.

Period 8.5.{24.6.02 9.8.{25.9.02 29.9.02{shutdown
Data sets Thin Be Thin Be calibration with cosmics

� 8:0 GeV/ c +8:9 GeV/ c
Drift velocity [mm/ � s] 51:87� 0:06 52:19� 0:06 52:16� 0:06

The large-radiustomography can also be usedwith cosmicmuons. They go predominantly
from top to bottom through the TPC, are as single and practically straight tracks easyto
reconstruct, and populate the TPC volume nearly uniformly in the z coordinate.

The overall error on the drift velocity is estimatedat the 0.1%level, arisingfrom uncertainties
in the backscattering of particles from the copper coil of the solenoidalmagnet. Sincean
error in the drift velocity causesan error in the polar angle � and hencean error in the
momentum, the drift velocity is required to be preciseto better than 2%.

We note that our experimentally determined drift velocities di�er from the MAGBOLTZ
prediction, seeEq. (6), by much more than its stated theoretical error.
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9 Comparison with `O�cial' HARP's analysis

In the �rst memo by `O�cial' HARP on the measurement of the drift velocity [2], neither
the variation with pressureand temperature, nor the datesof gasexchange,nor the e�ect of
inadequateTPC track distortions was considered.Their Technical Paper [3] acknowledges
the temperature and pressuredependenceof the electron drift velocity7. Rather than un-
derstandingthe, and correcting for, temperature and pressuredependencies,they work with
day-to-day averages.They employ the small-radiustomography. They claim that their drift
velocity is known with a precisionof 0.2%.

Our studiesneither support the `o�cial' procedurenor the claimed precision.

First, the dominant temperature variation is the day{night variation and it is therefore
sub-optimal to work with day-to-day averages.Second,rather than introducing unnecessary
statistical 
uctuations from insu�cien t statistics in the determination of day-to-day averages,
we prefer to understand the physics origin of variations of the drift velocity, and apply
correctionsaccordingto the relevant gaspressureand temperature, and the known datesof
gasexchange. Third, the `o�cial' analysismissedthat the large-radiustomography givesa
drift velocity di�erent from the oneof the small-radius tomography. Fourth, all methods of
determining the drift velocity depend critically on the correction of all relevant TPC track
distortions, which we maintain to be wrong in the `o�cial' analysis.

Therefore, we claim that the `o�cial' drift velocit y is not at all known to 0.2%
but rather biased by an estimated 1{2%.
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