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ABSTRACT: The new 750-kV RFQ preinjector and double chopper system
capable of selecting single nanosecond micropulses with repetition rates of 0.1
to 20 MHz has been installed at the Brookhaven 200-MeV proton linac. The
micropulse intensity is approximately 1 x 10° p/upulse. Neutron time-of-flight
path lengths of 30 to 100 meters at 0°, 12°, 30°, 45°, 90° and 135° are available
as well as a zero-degree beam swinger capable of an angular range of 0° to 25°.
Pulsed neutron beams of monoenergetic (p’Li — n’Be) and spallation p?33U —
nx) sources will be discussed in the present paper as well as detailing the
chopped-beam capabilities.

Introduction

The replacement of one of the Cockcroft-Walton preinjectors(!-3) with a new high-
current 750-keV radiofrequency quadrupole (RFQ) will improve substantially the H'
capabilities of the Brookhaven 200-MeV Linacl!-¥l, In conjunction with the new
RFQ, a double chopper capable of single micropulse selection (pulse width <1 ns)
with periods ranging from 100 ns to greater than 10 ps will be installed. The new
double-chopper RFQ system is detailed in the present paper as well as the neutron-
time-of-flight (NTOF) capabilities that exist at the 200-MeV linac complex. Future
improvements and upgrades that will also be described include a 0° to 30° beam
swinger on the zero-degree line and intense pulsed monoenergetic and spallation
neutron sources for use in nuclear physics and radiation-effects studies.

The double-chopper RFQ system

The RFQ Linac input is from a 35-keV H- magnetron ion source modified to produce
an axially symmetric beam matched to the RFQ. The RFQ parameters are
summarized in Table 1. Operational tests have routinely produced outputs of 50 mA
from the RFQ, whereas the design current limit is rated at ~100 mA. The RFQ
emittance at 50 mA was optimized for transport to the 200-meV linac.

Figure 1 shows an illustration of the double-chopper RFQ system. A fast beam
chopper (Chop I) located between the ion source and the RFQ can variably bunch
structure the beam with frequencies of 2.5 MHz or less. The first chopper is a slow-
wave electrostatic deflection device that rejects the beam at a small aperture located
before the RFQ. The second chopper (Chop II) is located after the RFQ and is phase-
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locked to the RFQ. Chop I1 is a fixed-frequency sine-wave located after the RFQ and
is phase-locked to the RFQ. Chop II is a fixed-frequency sine-wave chopper that
selects single microbunches (440-ps width) of the 200-MHz RFQ linac. The duty
factor of the double chopper is adjustable from one bunch every 100 ns to one bunch
per 450-us macropulse. The macropulse frequency is 5 Hz. The standard 200-MHz
micropulse intensity with 50-mA averaged current is 1.2 x 10° protons/ppulse. The
dc-averaged beam current with 10-ps repetition rate and 5-Hz macrostructure is 50
nA, a value comparable with a 10-usec 200-MeV pulsed beam from a cyclotron such
as the Indiana University Cyclotron.

Table 1

RFQ Parameters:
Ion HtH™
Input Energy 35 keV
Output Energy 753 keV
Current Limit ~100 mA
Operating Frequency 201.25 MHz
Peak Cavity Power 100 kW
Stored Energy 0.5 Joules
Duty Factor 0.007
Structure 4-vane, ringed
Vane Length 1.62m
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Fig. 1 Double-chopper RFQ showing single-micropulse selection.

200-MeV linac performance

The linac can accelerate H' or H™ beams of 92.6, 116.5, 139.0, 160.5, 181.0 and
200.3 MeV with an energy spread of about 140 keV at 200n MeV.3! The standard
operating beam at 200 MeV is a 30-mA peak current and 450-pus-wide macropulse.
The repetition rate is currently 5 pps, but can be increased to 7-8 pps. The
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microstructure is 200 MHz or 1 ppulse every 5 ns with a ptpulse with <1 ns. The
typical beam spot is 1.5 cm FWHM Gaussian in both vertical and horizontal
dimensions yielding a flux of approximately 9 x 102 p/s cm2.[2 The maximum total
beam current per macropulse is about 10 LA dc-averaged.

The adjustable parameters are the macropulse (5 ps to 500 us), the peak current
(1 mA to 30 mA), the transported beam (1 nA to 10 A) and beam size (3 cm? to
7850 c¢m?) delivered to the target areas of the Radiation Effects Facility (REF) and
Neutral Beam Test Facility (NBTF).

NTOF facilities and performance

The 200-MeV linac complex consists of NTOF facilities at the Radiation Effects
Facility (REF) and Neutral Beam Test Facility (NBTF) as shown in Fig. 2. The
REF has 30 to 100-m flight paths at 12°, 30°, 45°, 90°, and 135° with approximately
30 m of earth shielding (12" tubes through shielding). The zero-degree line located at
the NBTF consists of a 3-m-diameter underground tunnel with a present length of
100 m, a zero-degree sweep and dump magnet, and a collimation wall (3-m thick).

Fig. 2 BNL 200-MeV Linac Complex.

The momentum spread in the beam (Ap/p = 7 x 104), coupled with the 125-m beam
transport into the REF and NBTF, increases the width of the micropulse to about
1 ns from the intrinsic width of 440 ps that results from the linac acceleration. The
overall NTOF energy resolution (AE,) that results from a combination of the
micropulse width (~1 ns), detector-timing resolution (0.8 ns), and the detector width
(see Ref. 4 for details) is shown in Fig. 3 for various flight paths and neutron
energies. The detector width contributes 58 - 82% to the uncertainty in the 200 to
10-MeV neutron-energy range, respectively.[+6] The overall resolution is somewhat
less than that of other intermediate-energy (p, n) facilities, but uniquely provides high
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dc-averaged beam currents with repetition rates of 100 ns to 10 s or greater. These
low-frequency micropulse modes, with 100-kHz rates and 100-m path lengths, allow
the NTOF spectral range of E, = 1-200 MeV to be acquired without troublesome
wrap-around backgrounds.
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Fig. 3 NTOF energy resolution as a function of neutron energy and flight path.

The zero-degree NTOF sweep magnet in the NBTF line is a large-aperture (3.15-cm
gap) high-field magnet (1.9 T) that allows target insertion along the beam trajectory,
permitting the forward neutron angles of 1-25° to be selected. The protons, after
interacting with the target, are transported to a proton Faraday cup shielded in the
target hall. The forward-directed neutrons emerge through a collimation wall (3-m
width) for transport in vacuum through the 100-m TOF tunnel.

Monoenergetic and spallation pulsed-neutron beams

The facility can produce intense pulsed monoenergetic neutron beams of 93 to 200
MeV. The nearly monoenergetic neutrons are produced in the 7Li(p, n)’Be (0.0 and
0.43 MeV) charge-exchange reaction. Lithium produces copious quantities of
neutrons, has only one excited state, and little continuum neutron production. The
differential cross section for E,= 120 MeV is shown in Fig. 4 (ref. 7). The reaction
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is strongly forward-peaked, has a total reaction-cross-section dependence on the proton
energy of E113 in the E, = 600-800-MeV range!®], and a zero-degree cross section of
do/dQ =35 £ 1 mb/sr. The maximum neutron yield from a 210 mg/cm? 7Li metal
target would be 1.5 x 106 n/sr per micropulse or about 7.5 x 110 n/sr s.

Li{p,n) "Be (g.5.+ 0.43 MeV)

\ Ep = 119.8 Mev

O, {6) mb/se
—

LA B B R AL |

Fig. 4 Angular distribution for the “Li(p, n)’Be (g.s + 0.43 MeV) reaction obtained at
Ep = 120 MeV (ref. 7).

The 200-MeV proton beam at the BNS Radiation Effects Facility (REF) can also
produce an intense fission-spallation spectrum of neutrons. This is accomplished by
using a depleted uranium (233U) target to stop the beam. The spectral comparison(®]
with a pure thermal fission spectrum are shown in Fig. 5, where the main difference
between an actual thermal fission spectrum are the high-energy spallation (p, n) direct
components, The direct-components' yields are typically (5-10%) of the total neutron
yield. The spallation target consists of a 15 cm x 15 cm x 4 c¢m slab of depleted 223U
that has an area density of 74 g/cm?, which is greater than 110% of the range of a
200-MeV proton. The 238U (p, fission) cross section is essentially constant at
energies greater than E, = 20 MeV and is given as 1.44 & 0.10 b.[10] The total
inelastic (fission and spallation) cross section is 1.91 b.['1] The total neutron yield is
approximately 6.4 x 10'° n/sr per micropulse or 3 x 10'5 n/sr s for full beam
intensity.
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Fig. 5 Comparison of 235U thermal fission neutron spectrum and 200 MeV p + 238U
spallation neutron spectrum.

Pulsed monoenergetic or spallation (fission) source neutron beams are of considerable
current interest in intermediate-energy (n, p) nuclear-physics research, for use in
radiation-effects studies of electronics or other material flown in space, or research on
materials used in fusion or fission reactors. The BNL radiation-effects facilitics (REF
and NBTF) can provide for a wide range of experimental conditions, the advantages of
the user facility being:

1. Controlled Radiation Environment, Beam size and intensity can vary to meet
wide range experimenters' needs.

2. Reproducibility. Experiments can be readily repeated to assure reproducible
results.

3. Flexible User Experimental Schedule, Beam available on demand with

reasonable short-lead times.

In summary, the REF/NBTF complex can uniquely provide high-intensity pulsed
(<1 ns) and macropulse (500 LLs) proton beams of 93 to 200 MeV. Furthermore, the
use of appropriate targets of 7Li or 238U can produce monoenergetic and spallation
neutron beams, respectively, that can likewise be pulsed or macropulsed. These
beams can be expanded from 2 ¢cm to 1 m in diameter in radiation-effectsestudies of
systems, subsystems, or components.
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