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ABSTRACT

Secondary Emission Monitors (SEMs) are used at the SPS for measurements of the absolute proton
beam intensity. As an accurate measurement was recently required by the NA56 (SPY) experiment,
the responses of all the SEMs used in the SPS North Area, including those used for NA56, were
calibrated. The independent measurement of the absolute proton intensity needed for this calibration
was obtained by an activation method, where the radioactivity induced in a thin aluminium foil is
measured with a gamma counter immediately after a short exposure of the foil to the proton beam.
The foil activity was in turn calibrated using the absolute proton intensity measurements provided
by the Beam Current Transformers (BCTs) available in the West Area Neutrino Facility. A
description of the experimental method and results of the calibration are given. SEM calibration
factors were determined with an error that, even in the worst case, does not exceed 3%. The
response per unit proton intensity of the new titanium SEMs installed in 1995 is about 9% smaller
than that of the traditional aluminium SEMs. The measured calibration factor of the titanium
monitor used by NA56 has been shown to be stable within £1% over a period of almost one month.
By combining this additional uncertainty to the error on the determination of the calibration factor
from the activation measurement, the absolute proton intensity delivered to NAS56 could be
measured with an uncertainty of 1.7%.
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1 INTRODUCTION

In the spring of 1996, experiment NA56 (SPY) [1] was performed in the H6 beam in the CERN SPS North
Area, with the aim of measuring absolute production rates of 7’s and K’s from collisions of 450 Gev/c
protons on various beryllium targets. Protons extracted from the SPS in the TT20 transfer tunnel towards
the North Area with a slow resonant extraction of 2.6 s duration are distributed by two splitter stations
over three branches serving the targets T2, T4, and T6 [Fig. 1(a)] in the target hall TCC2. The H6 is
an unseparated secondary beam produced from targets housed in the T4 target station. Slow extraction
is required to limit the instantaneous trigger rate and it is anyway the only extraction scheme currently
available in the SPS North Area.

The SPY experiment required a few per cent absolute measurement of the proton intensity incident
on T4. A very accurate determination (of the order of 1%) of absolute proton intensity is achievable in
fast extracted beams with millisecond spill duration by means of Beam Current Transformers (BCTs) [2].
In slow extracted beams Secondary Emission Monitors (SEMs) [3] have to be used to get the absolute flux
of protons hitting the target. SEMs work on the principle that electrons are liberated from the surface of
some solid material when crossed by charged particle beams. They are made of metallic foils (aluminium
and titanium, so far) and they are less accurate, less stable, and more difficult to calibrate than BCTs.

The only absolute calibration of the responses of the SEMs used for the T2, T4, and T6 targets of the
SPS North Area was performed in 1979, prompted also on that occasion by the needs of an experiment
(NA20 [4]), with aims very similar to those of SPY, but located on the H2 beam line derived from the
T2 target station. Since that time it has been found that SEMs made of aluminium foils exhibit an ageing
effect, i.e. a decrease over time of their electron emission efficiency in the region continuously bombarded
by the incident proton beam. Because of these findings, in the middle of 1995 SEMs made of titanium
foils were added in front of the T2, T4, and T6 targets. The behaviour in time of these new titanium foils
is being carefully followed and up to now they do not seem to suffer from ageing effects [5]. The values
of proton intensities for the North Area targets currently displayed on the SPS status monitors (‘SPS Page
1’} and acquired by the experiments come now from the titanium SEMs. It has so far been assumed that
the same calibration constants apply to both types of SEMs,

In order to reduce to the few per cent level the uncertainty on the primary proton intensity hitting
the target used for the SPY experiment, a new calibration of the aluminium and titanium SEMs in front
of T4 was needed. It was decided to take this opportunity to perform a calibration of all the monitors of
the three targets in the North Area. Following the same procedure used in 1979 [6], the SEMs were cal-
ibrated by an activation method. The absolute intensity of the proton beam, needed for this calibration,
is measured from the radioactivity induced in aluminium foils through which the beam has passed. The
foil activity is calibrated in fast extracted beams the intensity of which is measured by BCTs. For this
purpose, aluminium foils were first exposed for about 100 SPS spills (corresponding to an integrated in-
tensity of about 1014 protons) to the TT60 fast extracted proton beam [Fig. 1(b)] in the West Area Neutrino
Facility (WANF), which is equipped with two BCTs. Then, for each of the T2, T4, and T6 targets in the
North Area, identical aluminium foils were exposed to comparable integrated proton intensities and the
corresponding SEM signals were recorded. From the measured activity of the foils, the collected proton
intensity on each target was determined and the calibration factor of each SEM could be obtained.

In Section 2 we shall give a description of the SEMs and their arrangement for the North Area
targets. We shall then describe in some detail the activation method and the procedure followed for the
measurement of the induced radioactivity (Section 3.1), the reference activation measurements after the
exposure of the foils to the WANF fast extracted proton beam (Section 3.2), and the activation measure-
ments after the irradiation of the foils in front of the T2, T4, and T6 targets (Section 3.3). A careful mon-
itoring of the SEMs during the NA56 data taking period was performed in order to check the stability of
the measured calibration factors and this is described in Section 3.4. Section 3.5 summarizes our mea-
surements of the calibration factors and secondary emission efficiencies. Our conclusions are presented
in Section 4.



a) [ |

1 1
| BSET  BSMIY TBIU TARGET TBD |
NORTH EXTRACTION SPLITTER | SPLITTER2 | '
[
S — — ' | T2
SPS !
| 1
' 1
1
) 1 T4
i )
t )
[ I T6
[ 1
1 [
) TOC2 TARGET HALL )
b)
____________________ \
BCT TED ! BCT TBIU  TARGET TBD 1
WEST EXTRACTION 610253 610321 ' 60805 |
—{ "} — 4 ﬂ K [j T9
o — | X
SPS = X !
! TCC6 TARGET HALL )

Fig. 1: a) Extraction lines to the North Area targets T2, T4, and T6 and arrangement of the TBIU, TBID, BSMH/V,
BSI-Ti boxes containing the SEM foils; b) Extraction line to the West Area neutrino target and arrangement of the
TBIU and TBID boxes and of the BCTs. The motorized beam stopper (TED) is also shown.

2 SECONDARY EMISSION MONITORS
2.1 Principle of operation

Secondary emission of electrons from the surface of a plate crossed by a charged particle beam is used as
a method to monitor the beam intensity [3]. The liberated charge comes mainly from delta rays escaping
from the plate, with a small contribution due to the secondaries produced in the interactions of the beam
particles with the plate. The total collected charge has been measured to be proportional to the intensity
of the impinging beam. A bias voltage of 200 V/cm is usually applied to the secondary emission plates
to make sure that the liberated electrons are quickly collected, so as to avoid the formation of an electron
cloud close to the surface of the emitting material. The performance of a SEM is characterized by the
secondary emission efficiency esgp, that is the ratio of the number of electrons V. liberated from the
detector foil to the number of charged beam particles (usually protons) N, crossing the foil:

eseM = Ne/Np . (1)

The SEMs employed in the monitoring of the North Area beams are made of metallic foils (alu-
minium or titanium), of which both sides are used to collect the liberated electrons. Figure 2 shows a
scheme of a SEM and its readout chain. Mechanical and electronic characteristics of the North Area SEMs
are summarized in Table 1. The amplitude V' of the signal present at the input of the ADC is related to
the number N, of electrons liberated from the SEM foil by:

— quG _ quEMNpG
c c

where q is the electron charge, C is the integrator capacitance, and G is the amplifier gain. The numerical
value has been computed for esgy ~ 4%, which is a typical value for the North Area aluminium SEMs.
Given the ADC sensitivity reported in Table 1, such SEMs can operate in the range from about 10° to
10'3 protons/pulse.

The result of our measurement is a SEM calibration factor CsgmM, defined as the ratio of the number
N, of protons crossing the detector foil to the corresponding SEM signal Nggm expressed in ADC counts:

174 ~ 0.8 V/10'2 protons (2)

Csgm = Np/NsgMm - (3)



This Csgp factor is given in terms of the secondary emission efficiency and of the characteristics of the
electronic chain by:

Csem = 4

where the Sapc = V/NsgMm ~ 4.88 1073 V/ADC count is the ADC sensitivity from Table 1. A typical
Csgm value for the North Area aluminium SEM is about 6.5 x 10° protons/SEM count.
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Fig. 2: Scheme of a North Area SEM and its readout chain.

Table 1: Mechanical and electronic characteristics of the North Area SEMs

Foil diameter 145 mm

Foil thickness 20 pm

Electron collection gap 10 mm

Bias voltage 200V
Integrator capacitance 33 nF
Amplifier gain 3.92

ADC full scale 10 V = 2047 counts
Gain uniformity of channels +0.5%

Noise level (detector + cables) +1.5 count
Operating range 100 - 103 protons/pulse

2.2 SEMs for the T2, T4, and T6 targets in the North Area

The T2, T4, and T6 targets in the North Area are each equipped with instrumentation boxes which contain
secondary emission monitors and are located immediately upstream (TBIU) and downstream (TBID) of
the targets [Fig. 1(a)]. Each of these boxes contains SEMs of different shapes, as shown in Fig. 3. There
are monitors made of foils of round shape (BSI) to record the intensity of the proton beam, monitors made
of split foils (BSPV and BSPH) to measure the vertical and horizontal beam position, and monitors made
of foils with central holes (BSH and BSHS) to give an estimate of the beam halo. All of the monitors in
the TBIU and TBID boxes are made of aluminium foils.
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Fig. 3: Detailed SEM foil arrangement in the TBID, TBIU, BSMH/V, BSI-Ti boxes for the T2, T4, and T6 targets.

Additional monitors are present further upstream of each target [Figs. 1(a) and 3]. A set of alu-
minium split foils (BSMH/V) monitors the angle of incidence of the proton beam on the target. In the
middle of 1995 in each beam line, upstream of the BSMH/V foils, a round foil made of titanium (BSI-Ti)
was added to provide an additional measurement of the primary proton beam intensity.

Table 2 gives a summary of the positions of the monitors of the T2, T4, and T6 targets, where
negative and positive coordinates are used for upstream and downstream positions from the centre of the
target, respectively.

We were especially interested in the calibration of the round BSI aluminium foils in the TBIU boxes
and of the upstream BSI-Ti titanium foil, because these are the ones used to measure the intensity of pro-
tons hitting the target.



Table 2: North Area SEM positions

Distance | Distance | Distance
from T2 | from T4 | from T6

(m) (m) (m)

TBID +0.475 | +0.475 | +40.475
TBIU —-0.525 | —0.525 | —0.525
BSMH/V | —25.9 —-25.9 -15.5
BSI-Ti —42.3 —-53.9 —38.7

3 SEM CALIBRATION
3.1 Activation method

The intensity of particles in a proton beam can be measured by assaying the amount of 24Na produced in an
aluminium foil through which the beam has passed. The cross-section ¢ of the reaction 27 Al(p,3pn)?*Na
for the production of 2#Na from aluminium by high-energy protons at energies close to 400 GeV has been
measured to be o = 8.1+ 0.6 mb [7]. The half-life of >Na is 900.0 minutes [8] and it decays to 2Mg by
B~ and -y emission (each decay giving rise to two photons of 1.369 and 2.754 MeV). The ?Na activity
in an aluminium foil is conveniently measured by placing the foil close to a 3” diameter by 3” high
sodium iodide crystal and measuring the number of counts N, in the 2.754 MeV full-energy peak in the
pulse-height spectrum. The number of counts /N, measured during a time ¢ in a foil irradiated for a time
t;, after a time t, from the end of irradiation, is related to the number ¢ of incident protons per second
by [9, 10]:

N = €Agat7(1 — e”t‘/”)(l - e_tc/”)e'tE/” ()]

where:

7 is the lifetime of ?4Na
¢ is the counting efficiency of the sodium iodide crystal

Asat = @0opa10Nay/An) is called saturation activity and corresponds to the activity mea-
sured at te = 0 in the case of a very long irradiation time (¢; — 00)

pa1 is the aluminium density
Nav is the Avogadro constant
Ay is the aluminium atomic weight

4 is the foil thickness.

An absolute determination of ¢ thus requires an accurate knowledge of the counting efficiency e of the
sodium iodide crystal at the energy of 2.754 MeV. This is not often known to an accuracy of better than a
few per cent, and taken with the error in the cross-section, larger than 5%, and the error in measuring the
thickness of the aluminium foil, of the order of one or two per cent, it is rarely possible to obtain accuracies
in measured proton intensities of better than 10%.

Thus, the method employed here was to expose foils, all taken from the same aluminium roll, to
proton beams in which the intensity was known and to the proton beams of unknown intensity. In both
cases the induced 24Na activity was measured by placing the foils at the same distance from the same
sodium iodide crystal. By placing a foil in a proton beam of known intensity we determine the quantity

Cf = eAsat/go. (6)



From the exposure to a proton beam of unknown intensity we measure the quantity e A, and thus we can
determine, assuming uniform irradiation, the integrated flux of protons err = ¢'t; from

Nl_f, = €Al ,ti/Ck @)

where the quantities with a prime are all measured in the exposure to a proton beam of unknown intensity.

Thus any errors in the estimation of proton intensity in the unknown beams are due to statistical
inaccuracies in the measurement of the 2“Na activity, to the unevenness of the aluminium foil thickness,
and to the accuracy of the reference proton beam intensity. Final accuracies of better than a few per cent
should be achievable.

Aluminium foils of 10 x 10 cm? and 45 pm thickness were exposed in a sandwich of three foils.
Only the centre foil of the sandwich was measured. This technique compensates for the loss by elastic
scattering of 24Na recoil nuclei from the measured foil.

The point of impact of the proton beam on the foil was determined by contact radiography using
ordinary polaroid film, the beam spot being visualized from the effect on the film of the intense short-lived
beta activity soon after the irradiation. A circular disc of aluminium, 3.5 cm in diameter, was cut from the
foil so that the beam spot was at the centre of the disc. The rest of the foil was then compressed and also
assayed for 24Na activity, since this isotope can also be produced by low-energy (> 6 MeV) neutrons.
These neutrons are generated by back-scatter from nearby objects struck by the proton beam (targets,
dumps, etc.), thus producing a background activity which has to be subtracted from the measured activity
in the beam foil. In the present series of measurements this background activity was never more than 1%
of the beam foil activity.

3.2 Reference measurements in the WANF

Aluminium foils were exposed to the WANF fast extracted proton beam in order to normalize the ra-
dioactivity induced in the foils to the proton intensity measured by the BCTs. The WANF proton beam
serving the T9 neutrino production target is equipped with two BCTs [see Fig. 1(b)] which are capable of
measuring absolute proton intensities with a systematic uncertainty of 1.5%. The first one, BCT610253
(hereafter designated by BCT1), has been located since 1976 at the beginning of the TT60 transfer tun-
nel, just upstream of the location where a motorized beam stopper (TED) can be moved in the beam. The
second one, BCT660805 (hereafter called BCT2), identical to the first, was installed early in 1995 just
upstream of T9. Specifications for the BCTs are summarized in Table 3.

Table 3: Principal specifications of BCT610253 and BCT660805 (ppp = protons per pulse)

LF cut-off 1Hz

HF cut-off 20 KHz
Systematic precision +1.5%
Resolution 1.0 x 10 ppp

In order to benefit from both devices, two different measurements where carried out with foils close
to BCT1 and BCT?2, respectively. On 2 April 1996, foils were irradiated in front of the TED beam stopper,
moved into the beam, and the integrated proton intensity was measured by BCT1. On 10 April, a second
exposure took place just in front of the T9 target, and the information on the accumulated proton intensity
could be recorded from both BCT1 and BCT2. Details of the measurements in front of the TED and the
T9 target are summarized in Tables 4 and 5 respectively, where we make use of the notations introduced
in Section 3.1.



Table 4: Calibration in front of the TED beam stopper in the WANF. BCT measurements are affected by a system-
atic error of 1.5% (cps = counts/s, pps = protons/s)

Number of SPS pulses 100
Irradiation time (min) 23.76
Total number of protons from BCT1 4.0301 x 104
Mass (g) €Asat (CpS)
Beam foil 0.1072 1822.1 £ 5.5
Surround foil 1.0853 191.50 £ 0.84
Net € Asat (cps) 1803.2 4+ 5.5
Ct (cps/pps) (6.379 £ 0.019 £+ 0.096) x 10~

Table 5: Calibration in front of the WANF T9 target. BCT measurements are affected by a systematic error of 1.5%
{(cps = counts/s, pps = protons/s)

Number of SPS pulses 103
Irradiation time (min) 24.48
Total number of protons from BCT1 4.5747 x 10
Total number of protons from BCT2 4.4607 x 104
Mass (g) €Agat (cps)
Beam foil 0.1071 1930 £ 15
Surround foil 1.1015 24.76 £ 0.45
Net € Asat (cps) 1928 + 15
Ct from BCT1 (cps/pps) (6.189 + 0.049 £ 0.093) x 10~
Ct from BCT2 (cps/pps) (6.347 £ 0.050 £ 0.095) x 10~

In both exposures the value of Ct [Eq. (6)] was measured, with an error made up of two different
contributions. The first one is the uncertainty in the determination of the activity of the irradiated foil and
the second one is the 1.5% systematic error on the BCT measurement. In the exposure in front of the T9
target, the 2.5% higher reading of BCT1 compared to BCT2 is most probably explained by beam losses
occurring between the positions of the two devices. Losses higher than usual are not surprising since at
the time of the measurement (shortly after the yearly start-up of the SPS accelerator) the beam extractions
had not yet been satisfactorily tuned. Moreover, quite a good agreement is observed between the value of
Ct measured in the TED exposure, where the proton intensity is given by BCT1, and the value determined
in the T9 exposure, if we take the proton intensity measurement by BCT2. The final C; value has been
computed as weighted mean of these two measurements, obtaining:

Cr = (6.364 & 0.072) x 10~ %cps/pps (8)

where cps = counts/s and pps = protons/s.

3.3 SEM calibration in the T2, T4, and T6 beam lines

In order to calibrate the secondary emission monitors, aluminium foils of the same thickness as those
used in the WANF beam line were irradiated in front of the T2, T4, and T6 targets of the SPS North Area.
During the exposure the signals Nggp, expressed in ADC counts, of all the SEM foils installed in the three



beam lines were recorded and the activities induced in the aluminium foils were subsequently measured.
The SEM calibration factors Csgm could be computed according to Egs. (7) and (3).

The procedure of SEM calibration was repeated twice to check the systematic errors of the mea-
surement procedure and to investigate for possible drifts of the SEM calibration factors, particularly for
the recently installed SEM titanium foils. A first calibration was carried out on 14 April, about 10 days
before the beginning of the SPY data taking, and the second one was performed on 2 May, close to the
end of the SPY data taking period. For each of the T2, T4, and T6 targets, the dependence on time (SPS
pulse number) during the irradiation of the BSI-Ti signal, expressed in ADC counts, and of the ratio of the
BSI to the BSI-Ti signal are shown in Figs. 4 and 5 for the 14 April and 2 May calibration, respectively.
Except for a few missing spills, the proton beam intensity was quite stable during the irradiations.
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Fig. 4: The BSI-Ti signal, expressed in ADC counts, and the ratio BSI/BSI-Ti are shown versus the SPS pulse
number during the irradiation of 14 April 1996, for the T2, T4, and T6 targets.



SEM calibration of 2/5/96
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Fig. 5: As for Fig. 4 for the irradiation of 2 May 1996.

A summary of the calibration measurements is reported in Tables 6, 7, and 8 for the round alu-
minium BSI and for the round titanium BSI-Ti foils of the T2, T4, and T6 targets, respectively. The
quoted errors on the total number of protons and on the C'sgpm calibration factors are split into three differ-
ent contributions: the uncertainty on the measurement of the activity of the irradiated foil, the thickness
unevenness of the different foils cut from the same aluminium roll (measured to be 0.8% ), and the error
on the C; factor measured in the WANF exposure.
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Table 6: SEM calibration in the T2 beam line (cps = counts/s, pot = protons on target)

Calibration of 14 April 1996 [ Calibration of 2 May 1996

Number of SPS pulses 121 160
Irradiation time (min) 28.80 38.16

Mass (g) €Agat (CpS) Mass (g) €Asat (CPS)
Beam foil 0.1059 780.1 £4.2 0.1075 625.9+2.7
Surround foil 1.1010 17.35 £ 0.45 1.0438 12.90 +0.31
Net €Agat (CPS) 7784+ 42 624.6 £ 2.7
Total number of protons (2.114 £0.011 £ 0.017 + 0.024) x 10™ (2.247 £ 0.010 £ 0.018 £ 0.025) x 1014

SEM counts CsgMm (pot/SEM count) SEM counts Csgm (po/SEM count)

BSI-Ti 34671 (6.096 & 0.033 £ 0.049 + 0.069) x 10° 35102 (6.402 £+ 0.028 £ 0.051 £+ 0.072) x 10°
BSI 37102 (5.697 £ 0.031 £ 0.046 £ 0.064) x 10° 39673 (5.664 + 0.024 + 0.045 £ 0.064) x 10°
BSI/BSI-Ti counts 1.07 1.13

Table 7: SEM calibration in the T4 beam line (cps = counts/s, pot = protons on target)

Calibration of 14 April 1996

Calibration of 2 May 1996

Number of SPS pulses 121 160
Irradiation time (min) 28.80 38.16

Mass (g) €Asat (cps) Mass (g) €Asat (cpS)
Beam foil 0.1090 1049.0 £ 6.0 0.1067 4917+ 25
Surround foil 1.0968 17.67 £0.36 1.0507 6.25 £0.22
Net € Agae (cps) 1047.2 £ 6.0 491.1+25
Total number of protons (2.843 + 0.016 + 0.023 + 0.032) x 10 (1.767 £ 0.009 £ 0.014 + 0.020) x 10**

SEM counts CsgM (pot/SEM count) SEM counts CsgMm (pot/SEM count)

BSI-Ti 39945 (7.118 £0.041 + 0.057 £ 0.081) x 10 25249 (6.998 £ 0.036 + 0.056 + 0.079) x 10°
BSI 45180 (6.294 +0.036 + 0.050 £ 0.071) x 10 27085 (6.523 £ 0.033 + 0.052 £ 0.074) x 10%

BSI/BSI-Ti counts

1.13

1.07
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Table 8: SEM calibration in the T6 beam line (cps = counts/s, pot = protons on target)

Calibration of 14 April 1996

Calibration of 2 May 1996

Number of SPS pulses 121 160
Irradiation time (min) 28.80 38.16
Mass (g) €Asat (Cps) Mass (g) €Asas (CPS)

Beam foil 0.1053 2162 £ 17 0.1062 2425.0 £ 9.0
Surround foil 1.0763 80.6+1.5 1.0500 84.72 £ 0.50
Net eAgat (cps) 2154 + 17 2416.4 £ 9.0
Total number of protons (5.849 & 0.046 £ 0.047 + 0.066) x 10™* (8.694 £ 0.032 + 0.070 £ 0.098) x 104

SEM counts CsgMm (pot/SEM count) SEM counts Csem (pot/SEM count)
BSI-Ti 80534 (7.262 £ 0.057 £ 0.058 + 0.082) x 10° 121017 (7.184 £ 0.027 + 0.057 £+ 0.081) x 10°
BSI 88917 (6.578 £ 0.052 £ 0.053 £ 0.074) x 10° 132784 (6.547 &+ 0.024 + 0.052 + 0.074) x 10°
BSI/BSI-Ti counts 1.10 1.10




3.4 Long-term stability

In order to investigate possible drifts of the SEM responses, two independent calibrations were performed
for the SEM foils of all the North Area targets at an interval of about 20 days, as reported in the preceding
section. Additional valuable information comes from the monitoring of the signal ratio of two different
SEM foils crossed by the same proton beam. This study was especially performed for the SEMs equipping
the T4 target. Their signals were recorded for each SPS pulse in the period from 17 April to 12 May, which
includes the SPY data taking period of 25 April to 6 May.

The ratio of the T4 BSI to the BSI-Ti signal shows (Fig. 6) sudden jumps at the few per cent level
during a period of a few hours. Analogous jumps are present in the signal ratios of all the TBIU SEMs
to the BSI-Ti foil. A careful investigation has shown these jumps to be correlated with the change of
target type during SPY data taking. Three different Be plates were used, 160 mm wide, 2 mm high and
of different length along the beam line direction (100, 200 and 300 mm). In addition a target was used
consisting of three spare T9 Be rods of 100 mm length and 3 mm in diameter interleaved by 90 mm of
air [1]. The behaviour is such that the ratios of the TBIU SEMs to the BSI-Ti signal show values increasing
with the length of the Be target in use and when no target is present they have the smallest values. This
suggests a contribution to the signals of all the TBIU SEM foils due to backward-going particles, produced
by proton interactions in the target. In addition, as reported in Table 2, the TBIU sits at about half a metre
from the centre of each target, so that the upstream edge of a longer target is nearer to the TBIU, with a
larger solid-angle acceptance for backward-going particles.

In order to check the stability of the ratio of the T4 BSI to the BSI-Ti signal we had to select data
corresponding to a given target type. Figure 7 shows this ratio, for some periods of time chosen through-
out SPY data taking when the 300 mm Be target was in use, as a function of the horizontal asymmetry
measured by the BSPH foils. A given value of the split foil asymmetry corresponds to a precise beam
position for a beam of stable dimension. The vertical asymmetry BSPV(U—-D)/(U+D) was required to
be 0.50 £ 0.05, so as to have the beam hitting the BSI foil at a constant vertical position. The plot shows
clearly that the BSI foil, as was previously known [5], suffers from a position-dependent efficiency due
to a beam-related ageing effect. The spread of the ratio of the BSI to the BSI-Ti signal for the different
data periods, at a same value of the horizontal asymmetry, is within +1%, and a close inspection shows
no systematic time drift of such a ratio.

The study of the long-term stability of the SEM calibration factors is better achieved if we monitor
the ratio of the sum of the signals of the BSM split foils to the BSI-Ti signal, so as not to be dependent
on the target backscattering which affects all the TBIU foils. In addition we have to select data correspond-
ing to a well-defined beam position on the BSM foils, because all the aluminium foils show a position-
dependent efficiency because of the ageing effect. We have chosen the following asymmetry intervals,
which cover a fair part of the available data: BSMV(U—-D)/(U4+D)=0+£0.15 and BSMH(L—R)/(L+R) =
—0.15+£0.05. Within these limits, the mean values of the ratios BSMV(U+D)/BSI-Ti and BSMH(L+R)/
BSI-Ti are shown in Fig. 8 for each available day from 17 April to 12 May. They are stable within +1%
and an analysis of the time dependence of these values shows that any systematic time drift of the cali-
bration factor of the T4 BSI-Ti foil is at most 0.5% over a period of 26 days.
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Fig. 6: Ratio of the BSI to the BSI-Ti signal for the T4 target as a function of time during a period of a few hours
on 26 April 1996.
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Fig. 7: Ratio of the BSI to the BSI-Ti signal for the T4 target as a function of the horizontal asymmetry measured
by the BSPH foils. The error bar on each point gives the observed spread of the ratio BS/BSI-Ti around the mean

value.
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Fig. 8: Ratio of the sum of the BSMV split foils to the BSI-Ti foil (white circles) and of the sum of the BSMH
split foils to the BSI-Ti foil (black circles) for the T4 target as a function of day from 17 April to 12 May. The mean
value of each ratio (full lines) and the +£1% variation (dotted lines) are also shown.

3.5 Summary of calibration factors and secondary emission efficiencies

Both BSI and BSI-Ti calibration factors are summarized in Table 9, where the first two contributions to
the errors reported in Tables 6, 7, and 8 are here combined together in a single number that expresses the
error related to each irradiation measurement and the common error coming from the uncertainty on the
Ci factor is left separate. The Cggm factor reported under the column ‘Final value’ has been computed as
a weighted mean of the two measurements if these are consistent within the errors. The T2 BSI-Ti and the
T4 BSI foils show a difference between the two successive measurements of 5% and 3.5%, respectively,
which exceeds the estimated error. In such cases we give the mean value of the two distinct measurements
and its standard deviation. The disagreement in the case of the T4 BSI foil is in large part due to the fact
that different targets were being used during the calibrations on 14 April and 2 May, that is the 300 mm
Be and the 100 mm Be target, respectively. As shown in Fig. 6, the difference in the backscattering con-
tribution from these two targets could explain quantitatively the discrepancy in the measured calibration
factors. We still have no explanation for the behaviour of the T2 BSI-Ti foil: and even in the worst case,
the errors on the SEM calibration factors do not exceed 3%.

The secondary emission efficiencies of the BSI and BSI-Ti foils, computed from the final Csgm
factors [see Eq. (4)], are also shown in Table 9. The first contribution to the error takes into account the
uncertainty related to the irradiation measurements of each North Area target and the spread in gain of the
electronic channels, as given in Table 1. The second contribution to the error is the common uncertainty
coming from the error on the Cy factor. We expect secondary emission efficiencies to be the same for
all foils of a given material (aluminium or titanium). This is true, within the estimated errors, for the
BSI-Ti foils of the T4 and T6 targets. There is also agreement between the efficiencies of the BSI foils
of the T4 and T6 targets, within the larger estimated error for the T4 target. However, both the BSI and
BSI-Ti foils of the T2 target show values which are 14% higher than the corresponding ones measured
for the T4 and T6 targets. This would be the case if the primary proton beam feeding the T2 target were
contaminated by other particles (e.g. muons, electrons), which nevertheless give a signal in the secondary
emission monitors, but cannot produce any 2*Na in the irradiated aluminium foils. We have no proof for
this conjecture, but it is worth while remarking that in the previous SEM calibration in 1979 [6] a 35%
higher efficiency was measured for the T2 aluminium SEM compared to the values then obtained for the
T4 and T6 aluminium SEMs.

As reported in Table 9, the value of the secondary emission efficiency of the titanium SEM foils
installed in 1995 has been measured to be 9% lower than that of the aluminium SEM foils.
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Table 9: Summary of SEM calibration factors and secondary emission efficiencies (pot = protons on target).

[ | Calibration of 14 April 1996 |  Calibration of 2 May 1996 || Final value
CsEm (pot/SEM count) Csem (pot/SEM count) Csem (pot/SEM count) esem (%)

T2 | BSI-Ti | (6.096 & 0.059 + 0.069) x 10° (6.402 £+ 0.058 £+ 0.072) x 10° (6.25 £ 0.15 £ 0.07) x 107 411 £0.10+£0.05
BSI (5.697 £ 0.055 + 0.064) x 10° (5.664 + 0.051 4 0.064) x 10° (5.679 + 0.038 £+ 0.064) x 10° | 4.520 £ 0.037 £ 0.051

T4 | BSI-Ti | (7.118 £0.070 £ 0.081) x 10° | (6.998 % 0.066 £ 0.079) x 10° || (7.055 £ 0.048 % 0.080) x 10° | 3.638 £ 0.031 £ 0.041
BSI | (6.204 £ 0.062 £ 0.071) x 10° | (6.523 £ 0.062 £ 0.074) x 10° || (6.41 £0.11 £0.07) x 10° | 4.01 £0.07 £0.05

T6 | BSI-Ti | (7.262 +0.082 + 0.082) x 10° (7.184 + 0.063 £ 0.081) x 10° (7.213 £ 0.050 £ 0.082) x 10° | 3.558 + 0.030 £ 0.040
BSI (6.578 + 0.074 + 0.074) x 10° | (6.547 £0.058 0.074) x 10° (6.559 + 0.046 + 0.074) x 10° | 3.914 +£0.033 £ 0.044




4 CONCLUSIONS

Two independent calibrations, over a period of about 20 days, were performed for the SEMs equipping
the T2, T4, and T6 targets of the SPS North Area. For the first time, the titanium monitors, installed in
the middle of 1995, have been absolutely calibrated.

Our measurements of the SEM calibration factors are summarized in Table 9. The errors, even in
the worst case, do not exceed 3%. The calibration factor of the T4 titanium SEM has been measured with
an uncertainty of 1.3%. This represents a substantial improvement with respect to a constant calibration
factor of 6.58 x 10° protons/SEM count, applied during 1996 to all the titanium SEM foils of the T2, T4,
and T6 targets to get the values of proton intensities displayed on the SPS status monitors (‘SPS Page 1°)
and delivered to the experiments.

Secondary emission efficiencies were computed from the measured calibration factors. The value
of the titanium SEM foils is 9% lower than that of the aluminium SEMs.

Both aluminium and titanium SEM foils of the T2 target have 14% higher efficiencies than those
measured for the SEMs of the T4 and T6 targets. This might indicate a contamination of the proton beam
feeding the T2 target by muons and/or electrons and in this case the SEM calibration factors measured
for the T2 target would change according to the contamination level.

The SEM responses of the T4 beam line have been continuously recorded for about one month. The
signal ratio of two distinct foils crossed by the same proton beam has been carefully studied to monitor the
stability in time of the measured calibration factors. In addition this study showed that, as was previously
known [5], the aluminium SEMs suffer from a position-dependent efficiency due to a beam-related ageing
effect. Evidence was also found of a backscattering contribution from the target, at the level of a few per
cent, on all the SEM foils sitting at about half a metre upstream of the target. Our conclusion is that the
recently installed titanium monitors, which sit at about 40 m upstream of the target, are more reliable
monitors of the proton beam intensity.

The T4 titanium SEM response was shown to be stable within +1% over a period of almost one
month. By combining this additional uncertainty to the error on the determination of the calibration factor
from the activation measurement, the absolute proton intensity delivered to the SPY experiment could
thus be measured from the titanium monitor with an uncertainty of 1.7%.
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