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Introduction |
There is a dearth of experimental data on the production and yields of neutrons from targeted
electron beams; yet, for accelerator radiation protection these data are of the greatest importance
in setting up methods of shielding and other means for protecting people against ionizing
radiation (Nakashima 1995). Although adequate for simple cases and lateral production angles,
empirical analytical methods are not suitable for the more complicated geometries or source
configurations often met with in practice. Monte Carlo (MC) methods that model the transport of
neutrons provide far better results in many cases but rely on the random generation of the energy
of a source particle selected for any beam condition, production angle and target configuration, A
number of theoretical approaches to the derivation of 2 model for the production of particle
events at energies-greater than the giant resonance region have been made. Many of these are
based on the quasi deuteron model of the nucleus and operate over photon energies in the range
30 MeV to 400 MeV (Gabriel 1969, RCCC9%4). A method is also available, based on the vector
meson dominance model which is designed to work above the photopion resonance region where
the cross section levels off at a few GeV (Ranft 1987). Both of these models are limited in utility
to a certain energy range and both show some discrepancies with existing empirical methods.
More recently a new fragmentation model was developed, which could be used over a large
energy range and modeled all production processes (Degtyarenko 1995). This new method also
showed differences from the traditional approaches and a thorough comparison indicated that the
event generator in conjunction with conventional MC transport c9des produced results a factor

two to three higher than the results using the empirical methods. This unsatisfactory situation can
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only be resolved by making measurements of proper physical quantities in the radiation field.
Measurements of the angular fluence spectrum will permit a satisfactory resolution of the
uncertainties surrounding the event generators and the transport codes. The conversion of the
known energy fluence to the dose equivalent can then be dealt with by using an appropriate set
of conversion coefficients. The measurement of the angular fluence spectrum is, however, not
easy to do and this is particularly the case where interference from backgfound radiation is high,
The purpose of this paper is to describe a suitable spectrometer and discuss a suitable experiment
which will answer many of the questions touched on above.

Scope of Experiment

When an electron beam hits a target, complex products including hadronic and e,y radiation
results - all of this radiation has to be considered in radiation protection. The e,y processes are
well characterized but this is not so in the case of hadron production, furthermore, the YA cross
sections are very small (for eA they are smaller still) and both are strongly varying functions of
¢,y energy. These problems have resulted in the lack of the quality measurements of hadron
production needed to support the existing fragile and incompletely tested theories mentioned in
the introduction. With regard to the neutron energies that we need to study for shielding
purposes, neutrons with energies greater than 15 MeV are of particular interest. Because it is
unlikely that shielding thinner than, say, 1 m of concrete would be specified even for low
intensity sources at JLab energies (few GeV), this means that the lower energy part of the source
neutron spectrum will be removed early on in the shielding process leaving the “high” energy
neutron part to continue propagating the neutron spectrum through the shield. This phenomenon
is well illustrated by figure 1. Thus for shielding high energy accelerators the high energy
neutron yield is of primary importance. However, there are requirements for providing a
complete neutron yield spectrum and these occur for low energy accelerators (injectors etc.,) and
where studies have to be made of neutron streaming along penetrations and access ways in which
the major contribution to personnel dose is carried by the “fast” neutron component. JLab
presents an excellent opportunity to perform such measurements due to its energy range (0.8 -

4.0 GeV), and unique continuous electron beam time structure, providing the lowest possible



background conditions. An ideal measurement set-up would permit the determination of the
differential cross section d*o(y4 — nX)/dE, dQ as a function of the incident photon energy E,
and secondary neutron energy E, in the reaction: Y+ A — n+ X; (1). However, such a
measurement is most difficult since it requires a tagged photon fa&lity. From a practical
standpoint, what is actually needed for determining the radiation environment around any beam
loss point is the total neutron yield from an electron interaction with the fargct which includes all
channels of production for both v-A and e—A reactions at all energies in the e,y shower.
Therefore, we propose to measure neutron yields at different initial electron beam energies,
different target materials and thicknesses, and at laboratory emission angles from 20 to 160
degrees to the initial beam direction, i.e. the inclusive neutron production differential cross
section d’c / dE,d<Q for the Teaction: ¢” + nuclear target — r + X ; (2). The estimates of the
cross section of reaction (1) can be made using measurements at different beam energies and
target thicknesses. The data obtained can be used directly in radiation environment calculations,
and will provide a good set of reference points for theoretical models of nuclear fragmentation at
high energies.

Measurement Technique

As the electromagnetic background may be expected to be very high in electron experiments,
there is a clear need for an experimental technique capable of distinguishing between the neutron
and photon signals. Separation of n—y events based upon the measurement of fast and slow
components of a signal from liquid scintillator (Moszynski et al. 1992) proved to be successful in
measurements of neutrons at E, up to 20 -30 MeV. Its applicability for the measurement of
higher energy neutrons, under high background conditions is unclear. Another technique of n—y
separation, using heterogeneous scintillator-Cherenkov detectors ‘was first introduced by P.
Degtyarenko, Yu. Efremenko and V. Gavrilov in 1987 (Degtyarenko 1987). The n-¥ separation
ability of the detector is based on the fact that neutrons with energies up to 460-500 MeV are
very unlikely to produce Cherenkov radiation in a medium, as the charged products of their
interaction are relatively slow. At the same time, photons, interacting in a dense and transparent

medium such as Plexiglas or scintillator, produce secondary e* — e™pairs and electrons fast



enough to emit detectable Cherenkov light. The detector with a repeating scintillator—~Cherenkov
radiator structure, with separate collection of scintillator and Cherenkov light, is capable of n—y
separation. The light collected from the scintillator part may be used to measure the time of
flight, and the energy deposition in the detector, as in the case of a standard thick scintillator
neutron time-of-flight (TOF) detector. The Cherenkov arm of the heterogeneous detector
provides the information on the type of interacting particle. The prototypé version of the detector
designed, assembled, and tested at ITEP showed that the technique worked as intended. We are
proposing to use such technique for an experiment at JLab. The neutron energy range we are
interested in (15-400 MeV) coincides with the range of best n—y separation in this technique. A
schematic 3-D view of the proposed Scintillation—Cherenkov Spectrometer (SCS) detector is
shown in figure 2. The sensitive volume consists of a series of scintillator plates 15x15x0.5cm
with a plastic Cherenkov radiator plate of the same size behind each scintillator. The light from
the scintillator set of plates is collected by the two plastic light guides glued to the opposite ends
(e.g. up and down) of the plates. All plates are wrapped in white and black paper to make the
light collection more uniform, and to eliminate the light contact between the scintillator and
Cherenkov plate sets. The Cherenkov light is collected by the other two (left and right) similar
light guides. The light guides have optical contact with 5 in., phofomultiplier tubes with
photocathode diameter 120 mm (Hamamatsu) or 110 mm (Philips). The parabolic shape of the
lightguides and the dimensions of the detector are determined by the need to focus the light,
exiting the plates at the angle of total internal reflection, onto thé photocathode. Other elements
of the detector shown are the antchoinbidence scintillator counter in fromt of the sensitive volume
used to cut off the events with charged particles coming from the target. A few mm thick lead
filter in front of the detector would screen it from the low-energy electron and positron
background in the experimental hall. The detector was modeled using the CERN detector
simulation package GEANT including the neutron transport code CALOR and GCALOR
interface. The light output in the scintillator arm was calculated using Birk factors for heavy
charged particles, and is expressed in equivalent MeV (light emitted by the electron of
corresponding energy). The emission and transport of the Cherenkov light in the detector was



also modeled in GEANT. Figure 3 shows a horizontal plane cut of the SCS detector, with an
event of 10 MeV photon (dotted line) interacting in the detector, producing electrons and/or
positrons which emit Cherenkov photons (solid lines). The photons are then traced through the
detector until being absorbed in the medium or at the photocathodes. The quantum efficiency of
the photocathode and the effective absorption lengths of Cherenkov photons in the light guides
as functions of the photon wavelength are taken into account in the modél. The modeled
performance of the SCS detector is illustrated in figures 4 and 5. The interactions of the 4 GeV
electron beam with a 0.5 mm (=10% rad. length) lead target were modeled using the GEANT+
DINREG Monte Carlo code. The generated spectra of neutrons and photons exiting the target in
the angular range 20°-160° were used as input to the SCS model, which simulated the detector
responses, Figure 4 shows light output in the scintillator arm (Eg) vs. time-of-flight for all
generated events. The target to SCS detector distance is set at 6 m. TOF resolution is determined
by the random position of the interaction point in the detector and the resolution of the PMT,
which was modeled to be proportional to Eg and set to 0.2 ns at Eg= 40 MeV. Figure 4 shows
that the number of photons interacting in the detector is large compared to the number of
neutrons, and that the photon background would set the limits on the possibility of detection of
high energy neutrons. An additional problem for neutron detection (not illustrated in the figure)
would be presented by delayed energetic photons, produced by re-scattering and secondary
interactions, and by the decay of iong-lived resonances like K mesons. Figure 4 shows all events
not taking into account the information from the Cherenkc_)v arm of the detector. Figure 5 shows
the same events but without aﬁy signal in the Cherenkov arm. In this case the photon interactions
are strongly suppressed, keeping the neutron detection efficiency practically unchanged. The
degree of photon suppression depends on the energy deposited in the interaction (therefore, the
light output Eg), as the average number of photoelectrons detected in the Cherenkov arm
increases with increasing Eg. The efficiency of photon suppression as a function of Eg is shown
in figure 6 for two modifications of the SCS detector: one with plate thickness 1 cm, and the
other for 0.5 cm plates. The photon suppression efficiency 1 is defined as the ratio of the number
of photons that give a specified light output in the scintillator arm Eg and produce more than a



specified threshold number of photoelectrons in the Cherenkov arm (Nph.e. > 10 in the figure) to
the total number of photons, which give the same Eg. The figure indicates that the photon
suppression is close to 1 (100%) for the events with high energy deposition (Eg > 10 MeV). The
suppression is also rather high (60%-70%) for lower energy depositions, Eg = 1-2 MeV. Figure
6 shows also that 0.5 cm plates are preferable to 1 cm, as they give opportunity to use lower Eg
thresholds, with better detector efficiency for neutrons, Further decrease .in the plate thickness
would help even more in this respcct, but at some point the plates become too thin to effectively
transport light to the edges due to the large number of internal reflections. Using 0.5 cm plates
would be a reasonable compromise. The neutron detection efficiency of the SCS detector
depends strongly on Eg threshold. Figure 7 shows neutron detection efficiency as a function of
neutron energy. Three dependencies are shown for different values of Eg threshold: 2.5, 5.0, and
7.5 MeV, Different thresholds may be applied for analyses of different neutron energies, We
may conclude from the figure that the neutron detection efficiency of the detector is expected to
be of the order of 10% in the energy range 15 MeV and higher.

Experimental Setup and Beam Conditions

The criteria for the experimental setup are determined by the need to “map” the neutron
production cross sections, covering all accessible beam energies at JLab from 0.8 to 6.0 GeV,
nuclear targets from carbon to lead, and the range in production angles from forward (20°) to
backward (160°) direction. The experiment would require setting up SCS detectors around the
experimental target in one of the JLab experimental'Halls. A possible setup in Hall C is shown in
figure 8. A special low-frequency time structure of the electron beam will be required. The
standard continuous wave operation at JLab makes the beam time structure a series of very short
(=2 ps) microbunches, and with the laser gun frequency of 500 MHz one microbunch would be
produced every 2 ns. The time-of-flight neutron measurements require the time interval between
the microbunches of the order of 100 ns to avoid ambiguity in determining the start time. Such a
beam time structure may be achieved in the accelerator by changing the frequency of the laser
gun injection from 500 MHz to 10 MHz. Assuming a beam current at 150 pACW, we may

expect an average beam current of 1 pA, in the low-frequency mode. Estimates of the SCS



detector loads and statistical accuracy achievable in the experiment have been performed using a
GEANT+DINREG MC simulation of the electron interactions in the nuclear targets. These
estimates are just the model predictions and should be treated with caution. We believe that the
MC calculations are valid within a factor 2-3, Figures 9, 10, 11, and 12 show the modeled
estimates of neutron spectra and the statistical accuracy of the cross section measurements, using
1 hour runs at 1 pA beam current hitting approximately 10% radiation leﬁgth targets of lead and
carbon, at the incident energies 4 and 1.6 GeV. The SCS detector efficiency was assumed to be
10%, roughly corresponding to 5 MeV Eg threshold. We may conclude from the figures that the
setup parameters chosen give reasonable rates of neutron interactions in the detector, of the order
of few hundred events per second, which is within the limits of the data acquisition system
available at JLab (up to 1000 triggers/sec). The photon interactions could be triggered out to a
large extent using the signal from the Cherenkov arm of the detector as anti-coincidence, and
choosing appropriate value of Eg threshold.

Conclusions

We note that the experiment does not require a long run time, as far as statistical errors are
concerned. The accuracy of the final results will probably be determined by systematic errors.
We envisage the necessity of a calibration experiment to measure the efficiency. Different
sources of background can be investigated with the help of additional test experiments, such as
with targets of different thickness, using different target—detector distances, using filters to
separate and measure the background from re-scattered photons and neutrons, and measuring
backgrounds due to the accidental coincidents.
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Figure Captions
Figure 1. Neutron dose outside spherical concrete shield vs shield thickness. The dose is averaged over the polar
emission angle ©. The source is a 20 cm copper target positioned in the center of the sphere and irradiated by a 4

GeV electron beam. The solid Line shows the sum dose. Lines with symbols are the doses from neutrons in different
energy intervals,

Figure 2. Schematic 3D view of the SCS detector.
Figure 3. Horizontal plane cut of the SCS detector.

Figure 4. Light output {(equivalent MeV) in scintillator arm vs. time of flight (ns) for photons



(circles) and neutrons (squares). The target to detector distance is set to 6 m. All events. Solid line indicates the
neutron kinetic energy comesponding to the TOF value. Neutrons with energies 20-50-100-200-400 MeV and more

arc shown with squares of different intensity (color). Photons with energies 2-5-10-20-50-100-200... MeV are shown
with circles of different intensity.

Figure 5. Light output (equivalent MeV) in scintillator arm vs. time of flight (ns) for photons (circles) and neutrons
(squares). The target to detector distance is sct to 6 m. Events are shown with no photoelectrons detected in
Cherenkov arm. ‘

Figure 6. The efficiency of gamma suppression as a fimction of light output measured in scintillator arm. Circles:
SCS model with plate thickness 0.5 cm; triangles: SCS model with plate thickness 1 cm.

Figure 7. The integral efficiency of neutron detection as a finction of neutron kinetic energy. The threshold values
2.5,5.0, and 7.5 MeV arc shown.

Figure 8. Possible experimental setup for neutron spectra measurements at JLab Hall C. SCS detector(s) are shown
at six positions at different neutron production angles and distances from the target. Schematic beam ine equipment
is shown including beam pipe, interaction chamber, and beam dump line (He-filled pipe).

Figure 9. Neutron kinetic energy spectra from 0.5 mm thick (=10% rad. length) lead target hit by 4 GeV electron
beam, Lines show DINREG+GEANT calculations at different polar angles. Markers represent binning of the
spectra approximately corresponding to the expected time-of-flight resolution of the detector (better than 0.5 ns
standard deviation). The hatched areas show the expected statistical accuracy (standard deviation) in the bins,
assuming 1 hour run at 1A beam current and detector efficiency 10%. The target to detector distances are varied
from 6 1o 3 meters as the polar angle changes from 20 to 160 degrees. The expected neutron detection rates are
shown for each angle and distance setup. The two sets of horizontal lines illustrate the expected energy resolution
corresponding to time-of-flight resolution 0.5 ns,

Figure 10. Same as in figure 9, for 1.6 GeV electron beam.,
Figure 11. Same as in figure 9, for 4 GeV electron beam and 2 cm (=10% rad. length) carbon target.
Figure 12. Same as in figure 9, for 1.6 GeV electron beam and 2 cm (=100% rad. length) carbon target.



Neutron Dose in (Sv hour kW ')at1 m

X (cm)

5

MeV)
3

E. - light output in scintillator arm {equivalent

sy
— (=]
T

-
o D

-
On

10

10

25

20

15

10

Thick Cu target, spherical concrete wall

E, =4 GeV

TT T T[T Vv T T r [ T T 77

S B L B LR LR

-1 <cos@ < 1

--we-e- E, <15 MeV 3

15 MeV < E, < 50 MaV¥

> ---a-c- 50 MeV < E| < 100 MeV
ERR —+- E_ > 100 MaV
E N —— All neutrons

\
PR IR LS I S S

50 100 150 200 250 300

7y N PO I S|
o]

Wall thickness (cm)
FIG. L.

L N AN LIRS SR

T T T T T

Scintillater plates

ERE T AEE NI SRS IUTE FERELENE N AEEWE FEETE FRTEe

26 20 -5 -10 -5 o] 5 10 15 20 25

Z (cm)

F1G. 3.

L]

—
n Cherenkov arm

TOF-TOF, at 6m base (ns)
FIG. 5.

SCS Detector

FIG. 2.

Y
(=3

w1 - T

All events

E, - light output in scintillator arm (equivalent MeV)

] 20 40 60 BO

TOF-TOF, at 6m base (ns)
FIG. 4.

[ :plates 5 cnd

_{ Platds 1 om thick

LI efflcier?é:y of gamma suppression

10 10°
E, - light ottput in scintillater arm (equivalent MeV)

FIG. 6.



T T T T

—_ ey -
S =] ]
T T T
1 L |

Neutron detection efficiency (percent)
5 B
T T

—&— 2.5 MeV thieshold

4 - —8— 5.0 MaV thrashold ]
[ —A— 7.5 MeV thrashold ]
2 ]
o ol L N | L i L
10 10°
Neutron kinetic energy (MaV)
FIG. 7.

e+Pb-sn+X at E,=4GeV (0.05cm target)

L B L N N B BN SLU LN R N B AL IR

o Statistical estimates for 60 min run at 1 pA
=~ 103 10 parcent detector efficiency assumed
w t
% 0
=
o
=
ot
a
=
o
B 10
-]

10

10

S T B e
0 100 200 300 400 500 600 700 800 SOC 1000
T {MeV)

FIG. 9.

. e+Con+X at E,=4GeV (2cmtarget)

1o [T T e e

i Statistical estimates for 60 min run at 1 pA
1.

1 {A 4
— : 10 percent detactor efficiency assumed 3
o 3
< 10" ]
I> el o i
g e .'"Qa'e*ﬁbm
S0 , :

E S 20,
c 3 s
T 4 et ey
Ew “, o
2"
o e
-4
1w b ) e g, 3
3 € '8 3
) Ay ]
% ' By
2. a9 4
10 Q"‘:;._ q*’% ]
i N N 3
ST N FETEE FUTEE PUREE FEN L CETE . .Y PR R
0 100 200 300 400 500 600 700 8OO0 900 1000
T (MeV)
FIG 11,

do/dT/dQ {ub MeV' sr) X (m)

do/dT/dQ (ub MV sr™)

R L R S L I IR i o o i e o

& - CEBAF Hall C End Station
, " Cutplane atY =0m
6

interaction chamber

5 bsam pipe f/ta:;? helium plpe

:%:\150“
2 F \ u »
1— ;0; }7 /

WY PUREE IR TE EREWE N T FETwl FTTY T e i
4 7 6 5 4 3 2 a4 0 1
Z (m)

FIG. 8.

e+Pb—>n+X at E,=1.6 GeV (0050mtan

Gl B LA N L NN NI LI N B o T

Statistical estimates for 60 min run at 1 pA

10 ‘ 10 percent detecter efficiency assumed

2oy "
0 100 200 300 400 500 600 700 800 900 1

T (MeV)
FIG, 10,
e+C—>n+X at E, = 1.6 GeV (2cmtarge
10 L A L LR LA I BN T I

Statistical estimates for 60 min run at 1 pA

10 percent detector efficiency assumed

(4] 100 200 300 400 S00 600 700 800 900 1
T (MeV)

FIG. i2.



