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The details of the neutron time-of-flight instrumentation asscciated with The University of Michi
and examples of capabilities of the instrument are given.

1. Introduction

The technique of of i
by time of fligat has been in use for many years‘) As a
result of me m logy and
fast el the precision of has

continued to |mprove. The state of the art is now
such that useful nuclear spectroscopic information can
be d for even the h nuclei using a variety
of charged-particle induced reactions at energies
sufficient to overcome the Coulomb barrier. As a single
example it is now possible to investigate the very
mteresung two-proton transfer reaction (*He, n) in the
at 3He gies above the Coulomb
barrier in spite of the usually large positive Q values
and the very small cross sections. Farther, the modern
instrumentation permits rather precise measurements
of total and partial cross section:s as a fi
of energy at energies up to many MeV.

The time-of-flight spectrometer now in use ith The
University of Michigan’s 83” cyclotron facility is an
extension and modification of earlier versions>?) the
basis of which is the natural phase bunching of the
circulating beam in the cyclotron. The purpose of this
paper is to describe the facility and to indicate the type
and quality of measurements that are being made.

2. Description of the facility

The floor plan is shown in fig. 1. The beam circulating
in the cyclotron is gated at the ion source so that narrow
pulscs of beam at any sub-multiple of the cyclotron rf
can be d from the cyclotron and
brought to an intermediate focus at F1 by means of a
pair of 4” quadrupole magnets QL. Aftcr passlng
through a stripping foil (op 1), a.di
M1, a second focus F2, energy deﬁmng slns S3,
quadrupole doublet Q2 and a switchi gnet M2,
the beam pulses enter the uniform ﬁcld “target”

* Work supported in part by the U.S. Atomic Energy Com-
mission.

83" cyclot are

magnet M3, The target, mounted in the gap of M3, can
be moved inazimuth throughthe gap to vary the nieutron
scattering angle. The quadrupole Q2 in conjunction
with the. swirching magnet M2 provides a parallel
beam onto the target. Neutrons produced in the target
and emitted in the di of the tunnel are
collimated by neutron slits NS1 and NS2 and impinge
on an array of neutron detectors (D) placed at the end
of the tunnet. The array has a sensitive area of 0.405 m?,
so that for a flight path of 40 m the array subtends a
solid angle of 2.53x 107 sr, Because the extent in
azimuth of the present target magnet is only 90°,

83 cveLothor

Fig. 1. The floor plan of the time-of-flight facility, Targets are
moved in azimuth through magnet M3 to vary the scattering
angle.

51



52 W. C. PARKINSON et al.

measurements of angular distributions are limited in
angle from —10° to +80°.

The particle current through the target is measured
by means of a Faraday cup (F) located at the beam
dump. If the multiple scattering of the incident particles
by the target is relatively large, as'is the case for heavy
ions or thick targets, the Faraday cup is da

ments, has been described in detail previously*). The
principal features are that ions of any charge state can
be gated with 100% efficiency, the current extracted
from the plasma is space-charge limited (Childs’ Law)
and the current injected into the dee is independent of
dee voltage. These features lead to some interesting

fixed distance from the target and moved .in azimuti
with it. In this case the cup must be shielded from the
detectors. (A disadvantage of this method of varying
the scattering angle is that the magnét aperture sets a
limit on the acceptable multiple scattering angle and
kence target thickness.)

When singly charged light iors such as *He* (or
heavy ions) are accelerated in the cyclotron, the
remaining electron is stripped in the target. As a result
of the decrease in magnetic rigidity, the ions are not
collected at the Faraday cup but rather deflect into the

“ walls of the vacuum chamber. To avoid this a stripper
foil is placed at F1 and the ion optics adjusted to bring
the fully stripped ions onto the target.

In addition to reaction studies such as (d,n) and
(*He, n), the present system is particuiarly adaptable to
measurements of total and partial neutron cross sec-
tions in the energy range 5-50 MeV. The energy of the
monoenergetic neutrons produced by the D(d,n)’He
or T(d,n)*He reactions can be varied continuously by
varying the scattering angle, andfor by varying the
deuteron energy. _

At present the overall time resolution is limited
primarily by the time spread of the beam pulses from
the cyclotron. Phase widths of the order of 3° fwhm of
the rf cycle can be obtained routinely, which for rf
frequencies of the order of 7 MHz corresponds to a time
spread of about 1.2ms. This can be reduced in the
external ion-optical system but only at the expense of
beam intensity. Taken in quadrature with the time
resolution of the present detector system, the resuit is a
resolution, neglecting target effects, of approximately
1.5 ns. Thus the energy resolution at 40 m flight path
is 9 keV for 5 MeV neutrons and 170 keV for 30 MeV
neutrons. Methods of improving the resolution are
discussed below.

The key elements in the system are the gated ion
source, the quality of the circulating beam in the cyclo-

The gated source utilizes a tetrode geometry. In
analogy with the tetrode vacuum tubse, it consists of the
conventional non-gated ion sourcc (cathode) and puller
(plate) with two plane-f ! des, the 1
electrode (grid) and the shield electrode (screen grid)
interposed between them. The control and shield
electrodes are formed from tantalum sheet 0.010”
thick and each contains a single slit. The dimensions
of the slits are varied depending on the ions being
accelerated. For singly ionized light “ions nominal
diraensions are 0.5” high and 0.020”, 0020" 0040
and 0.020” wide for the cathod: |
shield electrode, and puller, respectively. For doubly
ionized ions, such as *He** and heavy ions, typical
dimensions are 0.5" high and 0040" 0020f' 0.0407,
and 0.020” wide. Nominal are
0.025” cathode to 1 el , 0.031” 1 to
shield electrodes, and 0.312” shield to puller. The slits
are aligned on the central trajectory of the ions extract-
ed from the plasma.

The function of the shield electrode is to shield the
cathode from the ~lectric field of the puller. For dc
operation the control and shield electrode potentials
are typically —2kV and —500 V, respectively. Li the
gated mode a negative gating voltage, synchronized with
and at any sub-multiple of the rf fi Y, is app
10 the control electrode and a constant and negative dc
voltage is applied to the shield. The gating voltage is
manufactured by picking an rf reference signal from
the dee, passing it through a variable time delay, and
counting down to the desired mode (]2, f3, ...) with
standard TT". circuitry. The resulting square wave is
clipped, amphﬁed and applied to the contml grid
through a tr ion line incorp d on the ion
source tube. The gating pulse is approxnmately 3kv
in amplitude with 24 ns rise and fal‘ times and a 30 ns
flat top.

The fact that the current injected into the dee is

. 1

Toact

tron, the external ion-optical system, the d array
and the timing system. The details of these are discussed
in the collowing sections.

3. The gated beam
The gated ion source, in routine use for neutron
time-of-flight and a variety of other types of measure-

p of dee voltage permits the selection of a
narrow phase group at any rf phase for acceleration.
This is a useful feature in obtaining high-quality
extracted beams®),

For most ion sources the beam current is space-
charge limited and for plane-paralicl geometry varies
as V#/d? (Childs* Law), where ¥ is the cathode-puller
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potential difference and d their separation. For. the
gated source ¥ is the control electrode—cathode poten-
tial difference and d the separation. Thus the yield from
the gated source with ¥'=3kV and d=0.025" is a
factor of two greater than for the normal source
with ¥V=50kV and d=0.310". In general, ions of
other species exist in the plasma (with deuterium for
example the plasma will in the molecular ions

TABLE 1
Properties of three uniform-field dipole magnets.

Df and DF as well as D). It can be shown*) that
the current density of any one species will be

1 £]
5, =% ae‘f’"') %2_
(l +3 i"ﬁ)
iT2n,e,

where n; and ¢; are the number per cm® and the charge
of the ith species, respectively. This follows from the
fact that div 4,4 dp,/8r =0 for each ion species. For
the hooded type ion source®), the ratio of (n,¢,/n,¢,)
for (®*He* */>He*) is of the order of 1:50. As a result,
the 3He* * current density is relatively small. It is for
this reason that *He* is accelerated, extracted and then
stripped to He** for use with the time-of-flight
spectrometer. For deuterium the ratios®) of D}, D3
and DF are 1:2:1.5. As a result the yield of D} is
about a factor of 5 less than might naively be expected.
The unwanted species D which would be accelerated
on the third sub-harmonic of the rf is eliminated after
extraction from the ion source by a baffle mounted
behind the puller. (The D will only be accelerated
through the first half-turn.)

The use of a gated ion source in time-of-flight
measurements puts stringent requirements on the
geometry and stability of the internal orbits within the
cyclotron. This problem has been i d in detail
and is discussed in a separate paper®). It need only be
noted here that even though the gating of the ion source
is 100% effective, the external beam will be gated 100%
only if single-turn ion from the cycl is
achieved.

4. The external ion-optical system
The ion-optical system connecting the cyclotron and

Magnet Bend Radius  Field “Entrance = Exit
angle - of curva- index#  angle angle
ture (m)
Mi-Analy 45° .00 0.0 +12.7° +127
M2-Switching  0-45° 1.0(min) 0.0 0.0 0-22.5°
M3-Target 90° 1S 0.0 0.0 0.0

magnet, but also that it did not introduce unacceptably
large time spreads in the beam pulses. A computer
program (a modified version of OPTIK*) was used to
calculate flight times for ions following different paths
hrough a given figuration. The el of the
configuration and the location of foci were adjusted to
minimize the time spread while maintaining the resolv-
ing power and the beam size at the target position.

The properties of the three uniform-field (n=0)
dipole magnets (M1, M2, and M3) are listed in table 1.
Slit S1 (fig. 1) is used to limit the divergence of the beam
accepted into the line and thus defines the extreme rays
which determine the time spread in the beam puise.
Slit S2, at the horizontal focus of Ql, is used to define
an effective source for the remaining elements. The
dipole magnet M1 disperses the beam, and in conjunc-
tion with the energy-defining slits S3 provides the
required resolving power up to E/AE = 1000. The 3"
quadrupole Q2 and the switching magnet M2 permit
the beam to be focused onto the target when located at
any azimuth in target magnet M3. Because the
divergence through M3 is small, all the beam is collected
by the Faraday cup regardless of the target position
(with the exception of large multiple scattering noted
above).

The performance of the ion-optical system was
determined by measurements of the width in time of the
beam pulses at the entrance to the beam line and at the
target using a diagnostics probe having a time resolu-
tion of 300 ps. The di was in
with the values calculated. For the purpose of the

11 MeV deuterons, the lowest-velocity

okl

the target magnet was igned to date a
variety of measurements in addition to spec-
py by ti f-flight. It is a low system

with E/AE = 1000 for a source width of 1 mm. Because
the target magnet is sorie 23 m from the exit of the
cyclotron, it was import.nt to insure not only that the
ion-optical system could provide to the target a nearly
parallel beam of constunt and small cross-sectional area
as the target was moved in azimuth through the target

ion with rf acceleration on the fundamental
mode, were. used. When all the beam extracted from the
cyelotron was brought to the target, the increase was
approximately 2 ns. This. was reduced to 400 ps by
limiting the angular divergence of the beam with slits
S1 at the expense of a factor of four in beam intensity.

* Obtained from Lawrence Berkeley Laboratory, UCRL-9727.
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For ions of higher velocity, the time spread is reduced
proportionally.

The resolving power of the ion-optical system was
measured by comparing the width of the image of the
cyclotron source at the energy-defining slits 83 with the
width of the image of the same beam sent through the
high-resolution charged-particle beam line”). The value
F/AE = 1000 is in ag with the calculated value.

$2, is aliowed to strip in the entrance window of the
cell. The *He* * ions then follow the trajectory indi-
cated in fig. 3 and are collected in the lead beam stop.
The beam stop travels through the magnet with the gas
cell. This method works for *He energies up to about
20 MeV which is well below the Coulomb barrier for
Pb; in addition the Q valuc for (*He, n) on lead is

§. Targets

The targets are mounted on a carriage designed to
hold two foil targets or a gas cell. The carriage moves
on a guide rail through the gap of magnet M3 to vary
the scattering angle. The target holder, shown in fig. 2,
can be rotated through 90° without breaking vacuum
to expose either of the target frames to the beam.
Generally, one frame is left empty so that background
measurements can be made. The aperture is defined
by a lead mask with an opening 0.75” high by 3" wide,
mounted just in front of and insulated from the target.
Current to the mask can be measured, and this feature
is used as an aid in centering the beam on the aperture.

The gas cell, shown in fig. 3, is 1” thick and 8" wide.
The entrance aperture is again defined by a lead mask.
The cell windows are generally of thin nickel, but for
higher energies, such as 20 MeV *He, 0.0003" tantalum
is used because of the higher Coulomb barrier and low @
value for the (*He,n) reaction. With such thick
windows, the root-mean-square multiple-scattering
angle is large and would result in scattersd beam
spraying the magnet pole tips and the aluminum duct
producing a large neutron background. To avoid this,
the singly ionized *He™*, rather than being stripped at

Fig. 2. Target holder. The two target frames, each with a lead
mask, are mounted to the carriage via a pivot to permit either
» frame to be rotated into the beam.

ily low. The integrated beam current is deter-
mined both by charge integration of the el
to the cell and by ion current to the beam stop. The gas
line to the cell is valved outside the vacuum tank to
permit filling and emptying the cell at any position in
the magnet for ease in taking background spectra.

current

6. The detector array
In time-of-flight measurements the uncertainty AE

GAS VOLUME
LEAD MASK

TRACK vacuuu Tank

Fig. 3. The gas-cell geometry.



NEUTRON TIME-OF-FLIGHT FACILITY 55

in the energy E of the particle is AE = 2 EAt/t. A number
of factors conspire to sct a lower limit on 4¢, and to
improve the resolution it is customary to increase ¢ by
increasing the flight path. This, however, reduccs the
solid angle subtended by the d . T ing the

1area of the d to regain solid-angle
results in an increase in A¢ due to the increased light-
collectinn time in the detector. It is easily shown that for
a single detector and a given solid angle Q, AE~ E2 0%,
so that the resolution is independent of the flight path.

While there are various solutions to the problem, the
one we have adopted is to conmstruct an array of
detectors®) each of a fixed radius and therefore fixed
light-collection time. By increasing the number of
elements in the array, the solid angle can be increased
indefinitely. The array presently in use has ten elements,
as shown in fig. 4.

Each of the ten disk-shaped cylindrical i is
made of aluminum and has an active volume 813" in
diameter by 1” thick. The interior is painted with
NES60 white reflective epoxy and filled with NE213
liquid scintillator in a pseudocumene base solvent. The
total volume of scintillator is approximately 10 1. Each

Fig. 4. The ten-element detector array.

detector has its own phototube (RCA8575), mounted
on the axis of the disk and immersed in the liquid, and
timing discriminator (a modified Ortec 270 constant-
fraction timing unit). The fast logic signals from the ten
discriminators are added with essentially no degradation
in time resolution. The linear signals, after being added,
are sent to a delay-line amplifier for energy analysis and
pulse-shape discrimination. The relative gains of the
photomuitipliers are adjusted using a variable fan-out
high-voltage supply. The tubes and timing units have
been matched so that full advantage can be taken of the
wide dynamic range of the constant-fraction discrim-
inators. Time variations between tubes due to minor
differences in high voltage or temperature crift are
compensated to within 100 ps by means of calibrated
delay lines between each counter and the fast adder.
A block diagram of the counter electronics is shown in
fig. 5. A pulse-shape discrimination circuit employing
conventional leading-edge-to-zero-crossing-point  ti-
ming was used to eliminate pulses from y-rays and
certain cosmic rays. For large-area counters this
circuit gave better results than one employing constant-
fraction rise time, but at the expense of having to time-
match the linear signals as well as the fast signals. The
cosmic-ray background can be reduced ar additionai
10% using standard anticoincidence techniques but the
circuitry for doing this has yet to be installed.

To facilitate rapid checking of the relative timing of
the counters, a light-emitting diode (LED) has been
installed in each scintillator. The light pulses from the
diodes can be attenuated by small camera irises. An
electrical pulse, formed by clischarging a precision
capacitor through a mercury relay into a 502 line,
provides a trigger signal and drives the LEDs. The RC
time constant associated with each LED is adjusted to
reproduce the pulse shape from a detected particic.

The array was tested using y-rays produced by
deuterons circulating in the cyclotron striking a carbon
target. By narrowing the phase width of the circulating
beam, y-ray pulses of 600 ps fwhm, as dotermined by
the diagnostic beam probe, were produced. Using these
“flashes”, the several time constants in each fast
discriminator circuit were adjusted to optimize the

p Such an adj is essential since the shape
of the light pulse is determined by the geometry of the
counter. The time resolution of the array was deter-
mined to be (900+50)ps and is no more than 50 ps
larger than that of a single detector.

Naively, the resolution might be expected to be less
than 500 ps corresponding to the time for light to travel
the radius of the detector. As an aid in #nderstanding
the essential parameters, the inherent resolution was




W. C, PARKINSON ¢t al.

chamels

! ;;’g
f

104

i et

§§S§ i Eséﬁ §
| e
§ it || i
H ’ﬁt aT
il el || ol
— L] ie
R I

e ] [

] L H

Fig. 5. Block diagram of time-of-flight electronics and data-handling system.

i 1

o
1
a4




NEUTROM TIME-OF-FLIGHT FACILITY 57

120,08 0.0

100,00

Y sl 1

.00

. X EJ 201 ot

Fig. 6. C: h b de-pulse shapes vs d

ey .ot
TINE NSETH

W e w6 9.8

point P in

For points Py-Pg, R=0, 3.2, §.2, 7.1, 9.6, and

110 e, respectively.

d using a P code written to perform a
Monte Catlo calculation of the time response of the
photomultiplier output to an event occurring at an
arbitrary point P in the liquid. In the program, a large
number of photons are emitted isotropically from P
at the same instant. The program follows each
photon as it reflects about the interior of the scintillator
volume until it is either lost to the pulse or strikes the
photocathode. The anode pulse resulting from the large
number of photons is d by con g the

energy discriminator cut-off is shown in fig. 7. The
calculation included single and multiple n-p scat’ering,
secondary interactions such as (n, '*C), aud the
response function of the scintillater and phototube for
events occurring at different radii.

To date only a rough measurement of the efficiency
has been made for incident neutrons of 13 MeV using
the D(d,n)’He (The will be
refined and extended to cover the range 5-30 MeV.)

single-electron response of the photomultiplier. The
anode pulses for six points P,...P¢ across the face of
the detector with Pg at a larger radius than P, are
shown in fig. 6. The external electronics is designed to
trigger at the 20% point of the pulse amplitude, and
this results in a spread in triggering time between P,
and Py of about 1.8 ns. This large time spread origi-
nates from two principal sources, the finite transit time
across the radius of the scintillator of the photons
contributing to the leading edge of the pulse and a
distortion of the pulse shape for events occurring at
larger radu When the time response is weighted
g to volume, the calculated time spread for the
detector is 0.9 ns, in good gr with the d
value. This calculation, together with a calculation of
the detection efficiency for neutrons, is reported sepa-
rately®).
The detection efficiency of the array for neutrons in
the energy range 0.10-20 MeV as a function of the

The d value, with a low energy cut-off of
1 MeV, was (13+2.5)% which is to be compared with
the calculated value of 13%.

7. Data handling
The inputs to the data-handling system, shown.in
fig. 5, are the fast “start™ signal and the energy signai,
both from the detector array, and the stop signal
related to the beam pulse on target. The start signal s
d from the d fast logic signals from the
ten detectors. The sum signal is amplified and faaned
out by an Ortec 403A time pick-off circuit which sup-
plies the start pulse to an Ortec 437A time-to-amplitude
converter (TAC). The stop signal is obtained from a
capacitive pick-off described below. The output of the
TAC is coupled to the input of a PDP-15 through an
Ortec 442 linear gate and slreluhcr The gate sigaul i is
obtained from the n-y discrimi The
energy signal is amplified by an Ortec 460 delay-line
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Fig. 7. Neutron detector efficiency vs neutron energy. The parameter D is the low-energy discriminator cutoff.

amplifier and fed to the zero-crossing n-y discrimi-
nator'®), A window is used on the energy signal be-
cause those cosmic-ray events which saturate the
energy channel produce a neutron-like output on the
u- discriminator. The upper edge of the window is set
Just above the highest incident neutron energy of inte-
rest, while the lower edge is set to limit the back-
ground. The energy signal and flight time are stored
in a two-dimensional array in the PDP-15 computer.
On readwout the low-energy threshold can be chosen
to optimize peak-to-background ratios.

As indicated in sect. 3, the method of gating the
beam requires single-turn extraction from the cyclotron.
A drifk in any of the cyclotron parameters, or for
example a momentary small arc from dee to ground,
can shift the turn number of the extracted beam. To
observe and correct for this shift, the beam on target is
monitered with a small plastic scintillator. The time-
of-flight signal of the prompt gammas from the target
is displayed on an oscilloscope in the control room.
The ratio of the number of pulses from the desired tura
o the number from adjacent turns can then be observed
and the cyclotron adjusted to maximize the ratio. By
escording the time-of-flight signal from the monitor
in a multichannel analyzer, the ratio is measured so
that the integrated charge through the target can be
corrected. Typwcally, the cogrection is less than 1%.

While the effect of improper gating is small, it con be
important when strong contaminant peaks appea: in
the neutron Spectrum, since a “ghost™ spectrum of the

contaminant may overlay the primary spectrum from
the reaction of interest.

The stop signal was obtained originally by inductively
coupling a signal from the dee line. However, long-term
drifts in the cyclotron parameters can result in wander
in time of the beam pulses with respect to the cyclotron
dee voltage. More recently the stop signal has been
generated by capacitive pick-up from the beam pulses
just upstream of the target. The principle is well known
and has been in use for many years. The factors
affecting the signal-to-noise ratio and rise time of the
pulse, hence accuracy of timing, are discussed in a
separate short technical note'!). . -

The long-term time stability using the capacitive
pick-up is of the order of 0.5ns better than that
obtained with the rf pick-off. '

8. Results

Three spectra obtained for neutron-producing reac-
tions are reproduced here to illustrate the properties
of the system. The spectra of >N and '’F obtained
from the (d,n) reaction on carbon and oxygen at
E;=11.04 MeV using as tar ¢ts a 40 jg/cm? carbon
foil and a 0.00015” Mylar foil (C,,H0,) are shown
in fig. 8. Note that the prompt y-ray peak is consider-
ably P d by n-y discrimination, and that the
gating efficiency is essentially 100%. The spectra were
taken before the shielding was complete and before the
addition of slits NS1 and NS2. This accounts for the
large background, which has not been subtracted. The
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spectrum of O from the reaction !*C(*He,n)**0 at
Esy. =25.49 MeV on a 80 ug/cm? target of carbon is
shown in fig. 9.
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Fig. 8. Spectra of 13N and 17F obtained from the (d, n) reaction

These data were taken with a flight path of 37.5 m
and the beam gated at f/8 for the (d,n) reactions and
19 for the (*He,n) reaction. The width of the beam
pulses on the target was typically 1.2 ns fwhm. For the
(®He,n) data, singly ionized *He* was accelerated to
25.49 MeV, extracted, and stripped to ‘He’* by
sending the beam through a 20 pg/cm?® carbos foif
placed at the first focus (F1) in the low-resolution beam
line. The particle current available at the target using
this method is typically 0.2 uA for a pulse width of
1.2 ns fwhm and a gating frequency f/7. This is com-
parable to the current obtained with deuterons and a
factor of ten larger than for *He* *. The disadvantages
of accelerating *He* as compared to *He* * are the
more stringent stability requirements placed on the
cyclotron. The ions must make twice the number of
turns to extraction. The increase in time spread of the
stripped beam, if any, was too small to be measured.

A number of improvements to the instrument can be
made. It is pl d to imp: the lution by
d ing the di of each d and § ‘
the total number in the array. Some improvement in
the beam bunching without loss in intensity can be
made, but only by improving the yicld from the ion
source. Unfortunately, it is the relatively low of
frequency irherent in the design of this cyclotron that
results in the relatively large time spread for a given
phase width. A significant reduction can be made in the
background. That due to cosmic rays can be essentially

on targets of carbon and Mylar. d, and the g y of the shiclding and
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Fig. 9. The spectrum of 140 from the reaction 12C(*He, n)140 at Ey, = 25.49 MeV.
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anti-scattering slits can be improved. The out-scattering
of neutrons over the long flight path in air is appre-
ciable, and more important, it fluctuates with energy.
This can be improved by the use of helium-filled bags
or by evacuation of the flight path.

1t is a ph to acknowledge the contributions of
J. Bardwick in the design of the new beam line. The
willing and skilled assistance of W. E. Downer and
other members of the technical staff of the Cyclotron
Laboratory is most appreciated.
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