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A fast, effective calibration technique has been developed for future Superconducting Supercollider (SSC) calorimeters based
upon the radiative capture of protons from a pulsed Radio Frequency Quadrupole (RFQ) accelerator in a fluoride target . The intense
flux of low energy photons acts as a clean "pulse generator" calibration signal equivalent to 20 GeV or more . This calibration
technique has been demonstrated with a bismuth germanate (BGO) detector array, as well as with several barium fluoride detector
crystals, to provide a calibration accuracy of 0.5% within two minutes . The SSC calibration has resulted from the developement of
this novel technique by Caltech over the past five years for the L3 BGO electromagnetic calorimeter, which uses a lithium target for
the production of 17 .6 MeV low energy photons for the calibration source . Proven techniques have been developed to provide an in
situ calibration for all 11000 BGO detector crystals, with an accuracy of 0.8% obtainable in 1-2 h. The result of the experimental test
by using the AccSys RFQ accelerator is reported, as is the preliminary concept of a small storage ring that can be used to compress
the output beam pulse from the RFQ accelerator into a target beam pulse of 100 ns or less.

1 . Introduction

The high luminosity and high center of mass energy
available at future accelerators, such as the Supercon-
ducting Supercollider (SSC) and the Large Hadronic
Collider (LHC), have presented a great challenge to
HEP experimentalists faced with the problem of detec-
tor design [1] .

Rapid and precise calibrations in situ have always
been essential to maintain the design performance of
high resolution calorimeters . This will be particularly
true in the case of detectors at the SSC and LHC, where
high radiation doses may cause rapid gain shifts in
individual calorimeter elements, especially near the beam
line [2] . Many present-day calibration techniques, such
as the use of radioactive sources and cosmic rays, would
no longer work at these accelerators because the de-
posited energy in a calorimeter element will, in most
cases, fall below the lower limit of the dynamic range
(GeV to TeV) of the readout electronics . The time to
accumulate sufficient statistics for a precise calibration,
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for future calorimeters with 104 elements or more, also
would be prohibitive .

Over the last five years, the Caltech group has devel-
oped and tested a novel calibration technique [3,4]
based on the radiative capture of a pulsed proton beam
from a Radio Frequency Quadrupole (RFQ) accelerator
in a lithium target, 7 Li(p, y) 8 Be . The resultant high
intensity flux of 17 .6 MeV photons can be used to
calibrate the thousands of bismuth germanate (BGO)
crystals in the L3 electromagnetic calorimeter at once,
with an absolute accuracy of better than 1% in 1-2 h.
When installed in the L3 experiment at LEP, this sys-
tem will help ensure that the high resolution of the
electromagnetic calorimeter is maintained during run-
ning . This experience culminated in a test of a BGO
crystal array at the RFQ facility at AccSys Technology,
Inc. in Pleasanton, California in November, 1987 . An
absolute calibration precision of better than 1 % was
achieved in the test [4] .

Following the 1987 test, we realized the possibility of
a new technique, appropriate for the calibration of
calorimeters at the SSC or other accelerators in the TeV
range. By using the radiative capture of protons from a
pulsed beam in a fluoride target, 19F(p, a)160* [5], and
the subsequent decay of the excited oxygen nucleus,
160*, hundreds to thousands of 6 MeV photons could
be produced per millisteradian per pulse. These "equiv-
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alent high energy photons" would serve as a calibration
source for electromagnetic calorimeters .
A milestone beam test was carried out in September,

1988 at AccSys under a Phase I grant from the DoE
Small Business Innovative Research (SBIR) program,
where four BaF2 counters were set up together with a
7 X 7 L3 BGO crystal array as a reference counter. The
test demonstrated that this technique functions as a
clean "pulse generator" of scintillation light, originating
several cm inside the crystals . The clean, narrow Gauss-
ian-distributed light pulses produced with this tech-
nique were shown to provide relative calibrations with a
precision of 0.5% or better in a few minutes.

This report describes the RFQ-based calibration and
summarizes the results of the test. The next section
describes the RFQ, the detector setup and the running
conditions of the test . The results of the test are pre-
sented in the third section. A summary, and the outlook
for future RFQ tests with a BaF2 crystal array are given
in the last section .

2. Accelerator and experimental setup

2.1 . RFQ system

The AccSys RFQ uses an H+ ion source and pro-
duces a 1 .92 MeV pulsed proton beam . A detailed
description of the RFQ system can be found in our
previous report, on calibration tests for the L3 BGO
electromagnetic calorimeter [4]. To obtain a high pho-
ton flux per pulse, the run parameters of the AccSys
RFQ were adjusted for this test as follows :
- pulse width : 8 ws full width at half-height (10 ws at

the base) ;
- peak current : adjustable, up to 24 mA;
- pulse repetition rate : adjustable, up to 30 Hz.

Fig . 1 shows a typical RFQ beam pulse together with
the gate signal applied to the LeCroy 2249W ADC
which was used to read out the pulse .

The proton beam was bent by a dipole magnet by
22.5' . A pair of small permanent quadrupole magnets
was installed to focus the beam spot onto the target
with a diameter that could be adjusted, down to a few
millimeters .

2.2 . Target

Proton capture in a fluorine nucleus, 19 F(p, a)160*,
and the subsequent radiative decay of the excited oxygen

Table 1
LiF targets, Mo and Au foils

Size

	

10 mm(diameter)X 1 mm
Foil

	

5 ~Lm MO
EP	1.6 MeV
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10 mm(diameter) X 1 mm
1OWmMo
1 .2 MeV

Fig. 1 . RFQ beam pulse and integration gate .

nucleus, 160*, were used to produce photons . The yield
of photons was sufficient to deposit up to several GeV
in a single crystal covering a solid angle of 1 .6 msr . This
corresponded to the typical case for an L3 BGO crystal,
with a 2 X 2 cm2 front face situated at a distance of 50
cm from the LEP interaction point.

LiF was used as the target material . The LiF crystals
were encapsulated in a molybdenum holder, with a 0 .9
cm diameter thin foil facing the beam . Three target foils
were tested : 5 ~Lm thick molybdenum, 10 lLm molybde-
num, or 5 I-tm gold . Molybdenum was chosen as the
preferred foil and holder material because of its high
melting point, mechanical strength and low photon
background (tested in earlier tests at Los Alamos and at
the Caltech Kellogg Van de Graaff) when bombarded
with a proton beam .

The foils were designed to help conduct heat away
from the fluoride target and to prevent the proton beam
from hitting the 7Li neutron resonance which has a
threshold of 1 .88 MeV, since the energy of AccSys RFQ
is 1 .92 MeV. The foils also served as an energy degrader
for the proton beam . Since the energies of the protons
hitting the target differed for different target thickness,
the dependence of the photon yield per beam pulse on
the proton energy could be measured.

Table 1 lists the sizes of the three LiF crystals used
as targets and the foils used . The energy of the proton
beam (EP) hitting the crystals, after penetrating the foil,
is also shown in the table .

The targets were mounted in a vacuum glass tee on
movable shafts connected through an O-ring assembly

12 mm(diameter) X 1 mm
5 ~L mAu
1.5 MeV



to the outside. This allowed us to adjust the target
position, or to pull one target out and put another
target in without interrupting the RFQ operation. The
target and mounting shaft were electrically connected to
ground through a 100 0 resistor . The voltage across the
resistor was inverted and attenuated, then fed into a
LeCroy 2249W ADC to measure the integrated beam
charge per pulse.

The target with a 5 pm Mo foil in front was tested
up to 20 W average beam power during a test at the
Kellogg Van de Graaff facility at Caltech in the Summer
of 1988 . At AccSys two Mo targets survived the beam
test with up to 8 W average power. The gold foil,
however, was unable to withstand the heat deposited in
a small spot by the beam and was punctured. Therefore,
the target with the damaged gold foil was considered as
a bare target . As described below, this had important
consequences for the test results.

2.3. BGO crystal matrix

A 7 X 7 matrix of L3 standard size BGO crystals,
approximately 2 cm x 2 cm in the front, 3 cm x 3 cm in
the back and 24 cm long, was assembled in a 0.2 mm
thick carbon fiber structure . All of the crystals were
produced at the Shanghai Institute of Ceramics,
Shanghai, China. The crystals were polished and painted
with NE560 white paint to provide a high light yield
and good light collection uniformity, using methods
similar to those developed by the L3 Collaboration at
CERN.

The complete structure was installed in an aluminum
box with air cooling provided by a refrigerator. Twenty
temperature sensors were installed inside the BGO ma-
trix, including small sensors inserted between the
crystals, to monitor the temperature variations through-
out the series of runs, and to allow us to correct the gain
for each crystal to sufficient accuracy off-line . The
temperature of the BGO crystals was kept at about
22'C with less than 2'C variation from run to run,
while the environmental temperature in the AccSys
assembly hall where the tests were carried out varied
from 25'C to 40'C.

The BGO matrix was read out using the same
Hamamatsu photodiodes, Lyon preamplifiers, and
Princeton digitization boards used in the L3 experiment
[8] . A Motorola 68020 CPU-based single board com-
puter running at 20 MHz was used to control a token-
passing ring of ADC boards, and to communicate with
a VAXStation II computer through a home-made
CAMAC FIFO module . A more detailed description of
the readout system can be found in our previous pub-
lication [4] .

The synchronized trigger provided by the RFQ con-
trol electronics was used to start the data-taking time
sequence in a homemade interface board built at
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Caltech. The time chain provided reset, sample/hold
and interrupt signals for the microprocessor-controlled
ADC boards. The integration time was adjusted to 15
Ws to cover the typical 10 ps beam pulse width plus 5
l. s, so that the charge pulse read out from each BGO
crystal was fully integrated. (The scintillation light from
BGO has a 300 ns characteristic decay time). Although
the data acquisition system was capable of handling a
trigger rate of more than 150 Hz, we were limited by the
available RFQ power supply setup to a maximum beam
pulse repetition rate of 30 Hz, for high current pulses .

The electronic gains of the slow do amplifiers, and
the pedestal (offset) of the high energy-range channel
on each dual-range ADC board, were calibrated at
Caltech by using a test pulse. The complete BGO ma-
trix was calibrated at AccSys with runs using a metallic
lithium target, prior to the tests with the fluoride targets .
The gain of each crystal was determined in this first
round of runs from the position in the energy spectrum
corresponding to the half-height of the front edge, called
"HH+ ", following the techniques developed in our
1987 AccSys test [4] . The calibration point was thus
determined to an absolute accuracy of 0.8%.

2.4. BaF2 detector

BaF2 is a unique high density inorganic scintillator
with three emission spectra peaking at 195, 220 and 310
nm, with decay time constants of 0.87, 0.88 and 600 ns,
respectively [6] . Because of the speed of the "short" or
"fast" components and the compelling evidence that it
has high radiation resistance [7], BaF2 has been consid-
ered to be one of the most promising candidate materi-
als for future electromagnetic calorimeters .

Four BaF2 counters were constructed for this test.
The crystals were obtained from Harshaw (USA),
OKEN (Ohyo-Koken in Japan) and Merck (E. Merck,
Darmstadt, FRG). Table 2 lists the sizes and manufac-
turers of the crystals, and the photomultipliers (PMTs)
attached to them.

The BaF2 crystals were polished and wrapped with
two layers of teflon tape . Hamamatsu R2078 and R3197
PMTs were chosen to read out the fast components of
the scintillation pulse, while a Hamamatsu R1306 PMT
was chosen to read out the slow component. The R3197
and R2078 tubes both have synthetic silica (quartz)

Table 2
BaF2 crystals and photomultipliers

47 1

Manufacturer Size PMT Sensitivity
1 Harshaw 2 in . (diameter) x 3 in . R1306 slow
2 Oken 47 mmx47 mm x67 mm R3197 fast
3 Merck 3 in . (diameter) x 3 in . R1306 slow
4 Harshaw 1 in . (diameter) x 1 in . R2078 fast
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Fig. 2 . BaF2 scintillation spectrum and PMT response .

windows and Cs-Te photocathodes . The quartz window
has greater than 80% transmittance for wavelengths
longer than 180 nm . The Cs-Te photocathodes are
mainly sensitive only to wavelengths between 160 and
300 nm, i.e . they are UV-sensitive and solar-blind . The
quantum efficiencies of the R2078 and R3197 at 200
nm, which is near the peak of the fast component of the
BaF2 spectrum, are 18% and 13% respectively . Fig. 2
shows the scintillation spectrum of BaF2 and the quan-
tum efficiency of a typical Cs-Te photocathode with a
quartz window. The fast to slow ratio in the R3197 or
R2078 PMT output is approximately 1 :2 with full
integration. The fast component can then be separated
out by using a short gate to integrate the collected
charge .

The R1306 PMT has a borosilicate glass window and
a conventional bialkali photocathode. The quantum ef-
ficiency of this photocathode and window combination
is also shown in fig . 2.

The PMTS were coupled to the crystals with Dow
Corning 200 fluid, with a viscosity of 12 500 cp, which
has good UV transmittance . The output of the PMTS
was integrated and digitized by using a LeCroy 2249W
ADC CAMAC module .

All BaF2 counters were tested at Caltech before the
AccSys test with a 137CS source. A typical resolution of
11% (FWHM) was obtained with an R1306 PMT for
the fast plus slow components, and 47% (FWHM) with
an R3197 PMT for the fast component with a 50 ns
integration time . Fig. 3 shows the pulse height spectra
obtained with a 137CS source from the BaF2 counters .

Fig. 4 shows a schematic view of the detector setup,
together with the RFQ accelerator and the target at
AccSys . The BGO matrix and the BaF2 counters were
placed 52 cm away from the target, as shown in the
figure .
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Fig. 3 . BaF2 pulse height spectrum with 137C5 y-rays with
R1306 (a) and R3197 (b) phototubes.

An interactive program running on a Micro VAX 11
responded to a LAM ("look at me") interrupt from the
BGO FIFO module in the CAMAC crate . This program
read out the BGO data from the FIFO module, and the
integrated BaF2 light pulse and the target beam charge

'	I

	

'

	

'
(b)
FWHM=47%

Fig . 4 . AccSys test experimental setup .



Table 3
Runs carried out at the 1988 AccSys test

from the LeCroy 2249W ADC module . Data were then
written into a file on a hard disk for off-line analysis .
For the BGO crystals, ADC values were converted to
energy using the calibration constants obtained from
the data analysis of the Li target runs . Temperature
corrections were also made to the BGO ADC values .

Each run with a LiF target lasted for approximately
2 min, corresponding to approximately 3000 triggers . In
order to demonstrate that precise calibrations can be
achieved without RFQ beam stability during a run
(although the RFQ pulses sometimes did reach 1 .5%
reproducibility over a run, even without any feedback
controls), the beam current was varied during a special
run series .

During another series of runs, materials were in-
serted between the target and the detector to study the
beam properties, and to confirm that there was no
significant neutron contamination of the photon flux
produced from the target . Table 3 lists the runs taken,
including the targets used and comments on the running
conditions.

H. Ma et al. / Calibration of electromagnetic calorimeters

3. Results

3.1 . Photon pulse

Fig. 5 is a picture taken from an oscilloscope show-
ing typical scintillation light pulses from two BaF,
counters . Fig. 5a shows the slow component, as meas-
ured with an R1306 PMT. Fig. 5b shows the fast
component (along with a remainder of the slow compo-
nent), as measured with an R2078 PMT. As shown in
fig . 5a, a pulse-generator-like scintillation light pulse is
obtained, because so many photons strike the crystal
within the pulse. With the fast component, many indi-
vidual spikes can be seen on the scope, but the in-
tegrated pulse area is quite well defined, with the spread
of the distributions dominated by statistical fluctuations
in the number of incident photons.

Although the RFQ pulse width used during the test
was 8 l.Ls, a new pulse time-compressor at the output of
their RFQ system will be developed by AccSys [9] . By
using multiturn injection into and single-turn extraction
from a small storage ring, up to 0.3 WC charge could be
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Fig. 5 . Scintillation light pulse : slow (a) and fast (b) compo-
nents .

Run
no.

Target foil Charge
[ W C/pulse]

Comments

1-10 Punctured 0.11
gold

11-14 10 Wm Mo 0.13
15 10 Wm Mo 0.13 Target shielded

with 15 cm Cu
16-17 10 ~Lm MO 0.13 Shielding removed
18 10 ~Lm Mo 0.12 Target shielded

with 5 cm Al
19 10 Wm Mo 0.12 Target shielded

with 5 cm Cu
20 10 Wm MO 0.14 Shielding removed
21 10 ~tm Mo 0.14 Target rotated

by 10 °

22-24 5 Wm Mo 0.14 Beam not stable
25 5 Rm Mo 0.132 Beam intensity was
26 5 Wm Mo 0.135 deliberately varied
27 5 Wm Mo 0.073 from run 25 to 28
28 5 ~Lm Mo 0.044
35-44 5 [Lm Mo -0.035 Mo collimator placed

in front of target
45 5 Wm Mo 0.037 Charge on target was
46 5 Rm Mo 0.024 varied by adjusting
47 5 ~Lm Mo 0.031 the focus of the
48 5 Rm Mo 0.039 quadrupole magnets

from run 45 to 49
49 5 [Lm Mo 0.035 Large statistics run
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compressed into a 100 ns or less beam pulse. This
development will allow this technique to be used in
calibrating calorimeters at the SSC and LHC.

3.2 . Two normalization schemes

A precise normalization is needed to convert the
integrated pulse read out for each crystal into a calibra-
tion constant . The energy deposited in each individual
calorimeter element depends on the total number of
protons striking the target on each beam pulse, the
materials which the photon traverse before reaching a
given calorimeter element, and the solid angle each
calorimeter element subtends . The proton resonance
spectrum resulting the decay of excited oxygen, 16 0*, is
also complicated [5] . It is therefore difficult to calculate
precisely the absolute energy deposited in each calorim-
eter element directly from a knowledge of the beam
conditions and the geometrical setup.

However, within a run or within a series of runs with
an identical geometrical arrangement, it is straightfor-
ward to obtain a precise relative calibration using this
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Fig. 6. The measured charge distribution of run 27 (a) and the
distribution of charge normalized to the total BGO energy (b) .

technique. Apart from statistical fluctuations, the en-
ergy deposited in a calorimeter element only depends
upon the number of protons hitting the target. A rela-
tive calibration constant can therefore be obtained by
normalizing to (1) the total electric charge (proportional
to the number of protons) collected from the target
from each beam pulse, or (2) the response of a stable,
external "standard" (i .e . a separate) counter or set of
counters with high precision ADCs. We tested these two
normalization schemes during the test . The BGO array
was used as our external normalization standard .

To check the consistency of the two candidate nor-
malization methods, we measured the total "beam
charge" and the total energy deposited in the BGO
matrix, and took their ratio for each beam pulse. Fig. 6a
shows the measured beam charge distribution of run 27
without normalization. It is clear that the beam charge
was not stable from pulse to pulse during the run: some
deviations of up to 10% were observed . The distribution
of beam charge, normalized to the total BGO energy is
shown in fig . 6b . The almost perfect Gaussian distribu-
tion, with a 1 .3% standard deviation, indicates that the
two normalization schemes are consistent .
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Fig. 7. ADC distribution of BGO crystal 25 without (a) and
with (b) normalization to the total BGOenergy for run 27 .



Table 5
Deviation of normalized peak positions (in %) for runs 45-49

Normalizing the ADC distributions of the individual
BGO and BaF2 crystals, either to the beam charge or to
the total BGO energy pulse by pulse, results in ex-
tremely clean Gaussian distributions . Fig. 7 shows the
ADC distribution of a BGO crystal, number 25, before
and after normalization to the BGO energy . Table 4
lists the rms widths in percent of the ADC distributions
of some detector crystals with and without normaliza-
tions for run 25 . The BGO energy normalization ap-
pears to be slightly better than the charge normaliza-
tion, although the difference is not statistically signifi-
cant .

3.3 . Calibration stability

In order to check the stability of the calibration,
using the two normalization schemes, the peak positions
of the normalized ADCs were compared for a set of 5
runs with an identical setup but with different beam
intensities .

Although the beam charge method works well within
a run, it was found that the peaks of the normalized
distributions for individual crystals showed significant
shifts from run to run. The shifts were typically 2-3%,
and sometimes more . This can be attributed to a change
of the beam focus, or to slight changes in the position of
the beam center relative to the active area of the target .
As a result, the measured beam charge collected from
the target holder is not always a precise measure of the
number of protons hitting the active material in the
target . Careful monitoring of beam focusing, and posi-
tion, with feedback controls on the RFQ, and an im-
proved target design are expected to help solve this
problem. However, until we can demonstrate that target
ageing will not affect the photon yield per unit of beam
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Table 4
Rms width (%) of detector response with and without normalization for run 25

charge over the long term, we have made the pre-
liminary conclusion that the beam charge normalization
method is not the best choice .

In contrast, the normalization to the BGO energy
worked very well . Fig. 8 shows that the relative devia-
tion of the peaks of individual BGO distributions from
run to run, after normalization to the total BGO energy
in the 7 x 7 matrix, was Gaussian-distributed, with a
standard deviation of 0.34% . Table 5 lists the relative
deviation from run to run of the peaks for the BaFZ
crystals, normalized to the total BGO energy, where the
numbers in bracket are statistical errors from fitting .
The rms of the relative deviation is 0.29% . These devia-
tions are dominated by statistical errors . It is therefore
evident that a stability of better than 0.5% has been
achieved with this normalization scheme .
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Fig. 8 . Variation of the normalized peak positions from BGO
crystals .

Crystal Run 45 Run 46 Run 47 Run 48 Run 49
BAF 1 0.32(8) -0.00(8) 0.19(7) 0.06(6) -0.57(3)
BAF 2 -0.31(6) -0.36(6) 0.11(5) 0.53(5) 0.04(3)
BAF 3 -0.12(4) -0.09(4) 0.14(4) 0.24(4) -0.17(2)
BAF 4 0.62(14) -0.19(15) 0.04(13) -0.12(13) -0.36(7)

rms =0.29%

Crystal BG026 BG033 BaFl BaF2 BaF3 BaF4 Beam
W/O norm 6.07 6.16 5 .05 4.47 3.78 8.06 3.16
Norm . BGO 5.36 5.41 4.06 3.39 2.38 7.62 1.45
Norm. beam 5.54 5.55 4.09 3.39 2.49 7.65 N/A
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3.4. Correlation of calorimeter cells

The correlation of the normalized ADC values be-
tween any two individual BGO crystals was calculated .
This correlation is defined as

(
N

	

N

	

N

Y_ xiyilN
- E x,/NX F_ y,lN)l(axay ) ,

i=t

	

i=1 r=t

where N is the total number of events in a run, x, y are
the normalized ADC values of the two crystals, and cr.,
a,. are their standard deviations .

It was found that the correlation is less than 0.05,
which indicates that the values read out of individual
crystals during a run can be considered as independent
quantities . The resultant calibration constants obtained
will therefore also have statistically independent errors.

3.5. Equivalent photon energy

As discussed in the last section, the energy of the
protons hitting the fluoride crystal target were different
for the three different targets . We measured the equiv-
alent photon energy (EPE), defined as the sum of the
energies of photons from one beam pulse hitting one
crystal detector, and were thereby able to determine the
photon yield per unit of beam charge on target, at three
proton energies .

Table 6 lists the measured equivalent photon en-
ergies emitted into 1 .6 msr (corresponding to a single L3
BGO crystal with a 2 x 2 cm2 front face at 50 cm from
the target), per 0.1 ~C of beam charge on the target .
The dependence of the photon energy on the proton
energy is consistent with estimations from published
resonance data [5]. The neutron background from the
target with punctured gold did not contribute signifi-
cantly to the energy measured because the proton beam
energy was only 0.04 MeV above the neutron produc-
tion threshold, and the detectors were in the backward
hemisphere.

Table 6
Equivalent photon energy emitted into 1 .6 msr

Target foil

	

5 Wm Mo

	

10 Rm Mo

	

Punctured
Au

Equiv. photon energy
[GeV/0 .1 ~LC]

	

1 .29

	

0.37

	

2.38

Table 7
Relative photon yield from a LiF target

Proton energy [MeV]

	

1 .2

	

1 .6

	

1 .9
Photon yield

	

0.4

	

1 .0

	

2.0
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During the AccSys test we typically used a beam
pulse of 0.10-0.15 WC . In order to adapt this technique
for future hadron colliders, such as the SSC or LHC,
however, the pulse length of several lts may not match
the experimental readout electronics . As discussed in
ref. [9], recent computer simulation studies at Saclay
have shown that it should be possible to compress beam
pulses of 0.1-0 .3 wC into 100 ns time or less, by using
multiturn injection into - and single-turn extraction
from - a small storage ring . The time structure of this
kind of beam pulse is well within the range of readout
speeds planned for calorimeters at the SSC and LHC.
The existing RFQ (1 .92 MeV) and a LiF target could
therefore be used as these accelerators to provide short
pulses up to 7 GeV equivalent on a bare crystal target,
or 4 GeV equivalent for a target covered with a 5 l..m
Mo foil (0 .3 EtC charge).

There are, however, much stronger fluorine reso-
nances between 2.0 and 4.0 MeV [5]. Table 7 lists the
ratio of the expected photon yield from a thick LiF
target, as a function of the incident proton beam en-
ergy, to the yield from a 1 .6 MeV proton beam (corre-
sponding to a 5 pm Mo foil with the existing RFQ) . A
29-fold increase in the equivalent photon energy is
expected when a 3.5 MeV proton beam hits the LiF
target . Using a 3.85 MeV RFQ with the 5 Ftm Mo
foil-covered LiF target, one could thus obtain an equiv-
alent photon energy of more than 40 GeV/(0 .1 lLC) .
Using a CaF2 target, which is easier to handle than LiF
and which would have no neutron production as a
by-product below 4.05 MeV [5], an equivalent photon
energy per calorimeter element of 20 GeV/(0.1 p C) or
more is expected .

3.6 . Energy spectrum of individual photons

The width of the normalized ADC distribution and
the total energy in a crystal are strongly correlated . Fig.
9 shows the normalized ADC distributions of BGO
crystal number 32, for runs with different beam intensi-
ties . It is clear that the rms width increases as the total
energy deposited in the crystal decreases.

Assuming that the shape of the energy spectrum for
the individual photons emitted by the target does not
change as a function of beam intensity, the width of the
observed energy distribution should be a measure of the
inverse of the square root of the average number of
photons. In order to test this, we defined the "relative
rms", aR, as the ratio of the rms width divided by the

2.5 2.9 3.2 3.5 3.85
12 22 27 29 32
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Fig. 9. Normalized ADC distribution of crystal 32 at different
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Fig . 10. Correlation between the relative rms and the average
energy in BGO crystal 32 .

energy corresponding to the peak (i .e . the average ob-
tained with a Gaussian fit) of the distribution . Fig. 10 is
a plot of ( 1/OR )2 versus the observed average photon
energy for a BGO crystal, for a series of nine runs
where the beam intensity varied by a factor of 6. The
excellent linearity shown in the figure tends to confirm

Table 8
Average photon energy (EPEX 0R)

Run

	

25 26 27

EPE32 [GeV]

	

1 .47

	

1 .49

	

0.86
Photon number

	

359

	

364

	

209
Measured Ease [MeV]

	

4.10

	

4.09

	

4.11

Average = 4.06 MeV, rms= 0.15 MeV
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Fig . 11 . A Gaussian fit compared with a Poisson fit for the
normalized ADC of crystal 25 from run 49.

that the widths of the distributions are due to statistical
fluctuations . The average number of photons hitting the
target per pulse should therefore be given by 1/(OR ) 2 _

The average energy of the photons emitted by the
target can then be obtained by dividing the equivalent
photon energy by the average number of photons. Table
8 shows the equivalent photon energy in crystal 32
(EPE 32 ), and the energy of the individual photons aver-
aged over all the BGO crystals (Ease ), for nine different
runs .

Bearing in mind that the predominant photons from
160* decay have an energy of 6.13 MeV, we estimated
that the 4.1 MeV average energy was due to energy
sharing between neighboring crystals, i .e . the equivalent
photon number was increased. This estimation was con-
firmed by a series of EGS Monte Carlo simulations [101 .
A constant Ease indicates that the widths of the

normalized ADC distributions are dominated by the
statistical fluctuations in the number of photons de-
tected by each crystal, and that the photon energy
spectrum remains the same when the beam intensity is
varied .

3.7. Gaussian os Poisson-distributed spectra

When the average number of photons per pulse
hitting a calorimeter cell is not very large, a Poisson

45 46 47 48 49
0.52 0.42 0 .27 0.35 0.44 0.39

127 105 68 88 109 98
4.10 4 .00 4 .01 4.00 4.04 4.07

E=1.47GeV E=0.86GeV

0=5.44%
a=6 .83%

Peak=0 .239 Peak=0 .237

Ea=10 .2%
=0.39GeV E=0 .27GeV

a=11.9%

Peak=0 .240

JI

Peak=0 .241

I NI
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Table 9
Attenuation of the calibration pulse by Al and brass absorbers

distribution should describe the normalized spectrum
better than a Gaussian one. Fig. 11 shows a semiloga-
rithmic plot of the normalized ADC distribution of
BGO crystal 25 for run 49, which had low intensity per
pulse and high statistics . We fitted the distribution with
a Gaussian, and compared the fit to the result of using a

Poisson distribution with a mean energy matching the

mean of the measured distribution . It should be em-

phasized that the Poisson distribution is not just a fit,
but is completely determined by the methods sum-
marized in the previous section. As expected, the Pois-
son distribution matches the data better. The quality of
the match, and the fact that the distribution in fig. 11
has no tails down to the 0.1% level, indicates that the
distribution is completely free of background .

For equivalent photon energies above a few GeV, the

deviation of the data from a Gaussian distribution is

negligible . In this case, the data can be fit with a simple

Gaussian with systematic effects from the fit which are
well below the 0.1% level.

3.8. Attenuation of the calibration pulse

In order to check the nature of the particles which

are emitted by the target, several runs were taken with
the 10 It m Mo target, in which shielding materials of
various types and thicknesses were placed between the
target and the crystals . In this way, the attenuation of
the particles could be tested, and the results could be
compared to the attenuation expected for 6 MeV pho-
tons. Table 9 lists the measured beam charge, the aver-
age beam charge per pulse (in ADC channels, labeled
"Beam"), and the equivalent photon energy averaged
over all BGO crystals, Eave, for runs with 2 in . Al and 2

in . brass absorbers. A run without additional attenua-

tion is included for comparison . The measured attenua-

tion factors shown in the table are corrected for the
beam intensity.

The measured attenuation factors were compared
with the estimated attenuation factors, which are also

listed in the table. The estimated attenuation factors

were obtained by using the mass attenuation coeffi-

cients of 6 MeV photons. The 5% errors in the esti-
mated attenuation values are dominated by the errors in
the absorber thickness, by the effects of the finite trans-
verse dimensions of the absorber, and by the uncer-

H. Ma et al. / Calibration ofelectromagnetic calorimeters

tainty in the precise admixture of secondary metals in
the aluminum and brass alloys used . The agreement
between the measured and estimated attenuation factors
indicates that the calibration beam pulse is indeed a
photon pulse.

4. Summary and conclusions

A novel technique to produce a calibration pulse
with equivalent photon energy of up to 20 GeV or more
in a typical calorimeter element, using an RFQaccelera-

tor, has been successfully tested . The photon pulse can

be used to calibrate electromagnetic calorimeters at
present and future high energy physics experiments.
With proper normalization and an RFQ repetition rate
of 30 Hz or more, an entire electromagnetic calorimeter
with 10 4 elements can be calibrated in 1-2 min with an
accuracy of 0.5% or better .

The technique described here could be used without
modification to calibrate calorimeters at the present
generation of accelerators (such as LEP and HERA) or
at electron-positron colliders planned for the future in
the TeV range (such as CLIC or the TLC). A precise,
separately read out subarray, at a large angle to the
colliding beams and with very precise ADCs, could be
used as an external normalization "standard", which
could be cross-checked against normalization according
to the beam charge on the target, pulse by pulse.
A potentially very high energy equivalent photon

pulse can be obtained with a CaFZ target by using a
higher energy RFQ to take advantage of the large
fluorine resonances above 2 MeV. CaFZ is a good target
material because of its relative ease of handling and

because there are no significant neutron resonances in

Ca below 4.05 MeV. In calorimeters where such a large

equivalent energy per pulse is not required, the use of a

CaFZ can reduce the output current requirements in the
RFQ design .

This method can also be adapted for use at the next

generation of hadron colliders, such as the SSC or LHC.
In order to make the RFQ-based technique practical at

these future accelerators, the external standard subarray

should be made of radiation resistant material, such as
BaFZ crystals . (An array of this type is currently under
development at Caltech, BNL and the Shanghai In-

Run Material Beam
[ch]

EPE a-
[MeV]

Measured
attenuation

Estimated
attenuation

17 0 520 334
18 2 in . Al 526 206 0.609±0.006 0.65±0.03
19 2 in . brass 537 100 0.290±0.003 0.27±0.02



stitute of Ceramics .) In order to match the readout
electronics for an SSC or LHC calorimeter, a small
storage ring at the output of the RFQ system may be
required, to compress the pulse to 100 ns or less in
length . As mentioned in this report, AccSys Technol-
ogy, Inc. intends to develop this technology under a
grant from the Small Business Innovation Research
(SBIR) program of the US Department of Energy [9] .
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