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Abstract

Bremsstrahlung is produced in the Advanced Photon Source (APS) storage
ring when the positron beam interacts with the storage-ring components or
with the residual gas molecules in the storage-ring vacuum. The interaction of
the positrons with the gas molecules occurs continually during storage-ring
operation. Bremsstrahlung is important at the insertion device straight
sections because the contribution from each interaction adds up to produce a
narrow mono-directional beam that travel down the beamlines. At the APS,
with long storage ring beam straight paths (15.38 meters), gas
bremsstrahlung in the insertion device beamlines can be significant. The
preliminary results of the bremsstrahlung measurements in the insertion
device beamlines of the APS was presented at SATIF3. This paper presents
the results of further measurements at the two insertion device(ID) beamlines
with higher statistics in the data collection. The beam current and the
vacuum normalized bremsstrahlung power is fairly constant in a beamline for
a given storage ring fill pattern, but may vary from beamline to beamline.
The average bremsstrahlung power is measured as 118 + 9 GeV/s/nT/mA at

beamline 11 ID and as 36 £ 2 GeV/s/nT/mA at beamline 6 ID. These results,

along with the results from the four previous independent bremsstrahlung
measurements, enabled us to conclude upon the various reasons causing this

variation.
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Introduction

High-energy electron storage rings generate energetic bremsstrahlung photons
through radiative interaction of the electrons (positrons) with the storage-ring
components or with the residual gas molecules inside the vacuum chamber.
The resulting radiation exits at an average emittance angle of mc?/E radian
with respect to the electron beam path, where mc? is the rest mass of the
electron and E its kinetic energy. Thus, at straight sections of storage rings,
moving electrons will produce a narrow and intense mono-directional photon
beam. At the synchrotron radiation facilities, where beamlines are channeled
out of the storage ring a continuous bremsstrahlung spectrum, with the
maximum energy of the particle beam, will be present. This may pose a
radiation hazard to the personnel in the experimental floor 1.

Experimental Setup and Procedure

Bremsstrahlung energy spectra from insertion device (ID) beamlines at the
APS have been measured by a fast and sensitive electromagnetic calorimeter
made of 25 lead-glass detectors, each 6.3 cm x 6.3 ¢cm x 35 cm, stacked into a
5x5 array 12, The energy resolution of this detector is (7 + 2)/NE % and the
time response is typically 20 ns. The bremsstrahlung beam is aligned along
the central lead-glass detector. The central 3 x 3 detector matrix of the
calorimeter has been found to contain 100% of the electromagnetic shower in
the lateral direction and approximately 96 % in the longitudinal direction.
Energies of the incident bremsstrahlung photons are measured on an event-
per-event basis. Individual lead-glass detector signals are read through the
phototmultiplier tubes; the signals are then fed into fast encoding and
readout ADCs (FERA). The signal from the central lead-glass detector is split
into a trigger circuit that is used to generate a trigger to ADCs upon real
energy deposition. Digitized data from ADCs are stored into a 16K memory
unit for subsequent slow readout by a computer. A schematic of the
calorimeter and associated data acquisition system is shown in Figure 1. A
more detailed description of the experimental set up is given elsewhere 23,

The intensity of gas bremsstrahlung is a function of the stored beam current,
atomic number of residual gas, and the storage-ring vacuum. Thus, during the
experimental runs, data have been collected in order to determine the correct
value of the storage-ring vacuum and the molecular composition of the
residual gas inside the storage ring. The variation of average vacuum in the
straight section, as determined by six ion gauges, is shown in Figure 2A and
2B for beamlines 11 ID and 6 ID respectively. The vacuum can be seen to vary
linearly within the beam current range (50 mA to 100 mA) that was available
during the measurement. Table 1 shows typical residual gas component
information measured at 11 ID and 6 ID at a given beam current.



Results and Discussion

The data in this report come from two separate experimental runs: one
conducted in October-November 1997 and the other in March 1998. The first
run was conducted at beamline 11-ID and the latter at beamline 6-ID. The
calibration procedure for the lead-glass calorimeter, the nature of the raw
ADC bremsstrahlung distributions, and various systematic corrections
involved are discussed elsewhere 23. Figure 3A and 3B show measured
bremsstrahlung energy spectra, normalized to storage-ring vacuum, for a few
typical beam currents of the two experimental runs. Systematic corrections
associated with the measurements such as dead-time losses, longitudinal
shower leakage, and low energy cutoff, have been applied to the energy spectra
in Figure 3 to obtain the corrected results shown in Tables 2 and 8. Results
from Table 2 and Table 3 are also shown plotted in Figure 4A and 4B. Figure
4A shows the variation in bremsstrahlung energy, normalized to the beam
current, as a function of the storage-ring vacuum. Figure 4B gives the
variation of the bremsstrahlung energy, normalized to both the vacuum and
beam current, as a function of beam current. The bremsstrahlung
contribution from each individual sector is fairly constant (as seen in Figure
4B)- an average of 118 £ 9 GeV/s/mT/mA from 11-ID and 36 + GeV/s/nT/mA
from 6-ID. The bremsstrahlung power in kilowatts, normalized to the
storage-ring vacuum, is given in Figure 5 for the two beamlines as a function
of the beam current. It is clear that the power varies linearly with the beam
current. The average normalized bremsstrahlung powers of (2.0 + 0.2) x 10-8
W/T/mA and (0.6 + 0.03) x 10-8 W/nT/mA have been measured for beamline

11ID and 6 ID respectively.

Conclusions

Independent measurements of normalized bremsstrahlung power from six
beamlines at the Advanced Photon Source (the present two and four earlier
measurements 23) have shown a variation of as much as a factor of ten.
Clearly, bremsstrahlung power varies with beam current and storage-ring
vacuum. Bremsstrahlung power, normalized to the storage-ring vacuum and
the beam current, is fairly constant within a beamline for a given storage ring
fill pattern but may vary from beamline to beamline. The reasons for such a
beamline-to-beamline variation of the normalized bremsstrahlung power are
attributed to the variation of the vacuum profile along the vacuum chamber,
variation of the residual gas composition in the straight section, the variation
of temperature profile along the vacuum chamber due to RF heating, and the
presence of a non-gas bremsstrahlung component. The production of the non-
gas bremsstrahlung component depends upon the vacuum chamber
dimensions, relative position of the beam with respect to the vacuum
chamber, and the maximum bunch current in the storage ring as determined
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by the storage-ring fill pattern. The normalized bremsstrahlung power may
vary due to any or a combination of the reasons discussed above. This makes
comparing the results of various bremsstrahlung measurements difficult.

References

[1] Moe, H. J., Advanced Photon Source- Radiological Design Considerations,
ANL-APS-LS-141, Argonne National Laboratory, July 1991.

[2] Pisharody, M., et al, Measurement of Gas Bremsstrahlung from the
Insertion Device Beamlines of the Advanced Photon Source, ANL-APS-LS 260
Argonne National Laboratory, March 1997.

[3] Pisharody, M., et al., Measurement of Gas Bremsstrahlung from Electron
Storage Rings, Nucl. Instr. Meth. A 401, 442, 1997.

e AT e T T




Table 1: Typical residual gas measurement results for beamlines 11-ID and for

6-ID at a given beam current.

Beamline | Mass | Residual Gas | Mole Fraction | Weight Percent

Number | Component (%) (%)

11-ID 2 H, 80.0 25.9
16 CH, 4.5 11.7

19 F 5.7 17.7

28 N;/CO 9.8 44.7

6-1D 2 H, 57.4 8.3
18 H,0 13.1 17.0

28 N,/CO 16.4 33.1

44 CO; 13.1 41.6




Table 2: Bremsstrahlung power for various beam currents from the 15.38 m of
positron beam straight path at beamline 11-ID. A 12% correction due to the thresh-
old cut-off was determined in the photon count rate and has been incorporated in
the bremsstrahlung photon rate.

Beamn | Estimated Bremsstrahlung Bremsstrahlung
Current | Vacuum Photon Rate Energy Rate
Iy P N-y E-,

(mA) (nT) {/s/nT/mA) (GeV/3/nT/mA)
63.0 6.33 50+4 99+9
70.1 7.18 554 10829
71.6 7.19 55+4 108+9
72.0 7.35 . 5514 108419
73.4 7.32 6144 11749
74.2 7.51 5844 11449
76.0 7.53 564 10949
76.1 7.59 604 11849
77.3 7.70 57+4 11249
78.4 1.77 60%4 11649
79.4 7.80 61%4 11749
80.3 7.88 60:£4 119+9
80.5 8.09 60%4 116+9
81.1 8.08 61+4 11749
82.1 8.08 6144 1209
82.2 8.13 55+4 11149
84.0 8.30 6444 12239
86.3 8.42 6514 12349
88.4 8.67 6544 1259
88.9 8.63 6814 128+9
89.6 8.69 65%4 126+9
91.4 891 68+4 12949
92.2 8.90 65+4 12649
92.8 8.89 6444 121-£9
94.6 9.10 6844 129+9
96.0 9.18 7044 12949
97.4 9.37 67+4 12649




Table 3: Bremsstrahlung power for various beam currents from the 15.38 m of
positron beam straight path at beamline 6-ID. A 12% correction due to the thresh-
old cut-off was determined in the photon count rate and has been incorporated in
the bremsstrahlung photon rate.

Beam | Estimated | Bremsstrahlung Bremsstrahlung
Current | Vacuum Photon Rate Energy Rate
A P N, E,
(mA) (nT) (/s/nT/mA) (GeV/s/nT/mA)
52.1 5.89 21+1 3542
54.1 6.18 19+1 33+2
61.2 6.80 21+1 352
61.4 6.86 191 34+2
64.9 7.18 19+1 34+2
66.8 7.41 2141 352
73.4 7.91 201 3542
73.9 7.89 19:+1 3442
76.3 8.13 21+1 35+2
76.3 8.20 21+1 35+2
79.8 8.50 20+1 35+2
80.2 8.52 21+1 362
82.1 8.76 19+1 35+2
83.5 8.90 20+1 36+2
84.8 8.97 22+1 362
84.8 8.91 22+1 37+2
86.3 9.04 2241 37+2
86.8 9.06 2241 3742
87.2 9.07 20+1 36+2
88.2 9.28 221 36+2
89.5 9.42 22+1 3612
90.0 9.39 22+1 37+£2
90.2 9.34 22+1 37£2
92.0 9.60 231 38+2
93.4 9.68 22+1 37+2
93.4 9.62 22+1 37£2
93.6 9.59 20+1 362
94.0 9.70 2241 37+2
96.0 10.01 22+1 3742
96.2 9.99 21+1 37+2
96.2 9.98 201 36+2
99.7 10.21 2241 37+2
100.6 10.21 1941 33+£2
101.6 10.51 20+1 3542
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Figure 1: The lead-glass electromagnetic calorimeter and associated data acqui-
sition system that are used to measure the bremsstrahlung spectrum and power.
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Figure 5: Bremsstrahlung power in kilowatts, normalized to the storage ring vac-
uum, as a function of the beam current for the two experimental runs at beamlines

11-ID and 6-ID.
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