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The Ohio University time-of-flight spectrometer has been completely redesigned to make use of a beam swinger magnet. Flight 
paths of 4-30 m are available over the angular range from - 4  ° to + 160 °. Improved shielding, collimation and detector design 
provide substantial improvements in neutron scattering experiments for neutron energies up to 26 MeV. 

I. Introduction 

For several years personnel at the Ohio University 
Accelerator Laboratory have been involved in the mea- 
surement of elastic and inelastic neutron scattering from 
a wide range of target nuclei between 1.2 and 26 MeV 
[1-3]. The excellent pulsed-beam characteristics of the 
Model T-11 tandem Van de Graaff accelerator have 
been an important asset in this program. Intense beams 
of negative I H and 2H ions are produced with small 
energy spread in a tantalum hollow-cathode ion source. 
The transmission of the tandem is such that -- 80/~A of 
deuterons and more than 100 #A of protons can be 
delivered on target in the direct current mode of opera- 
tion. In the pulsed-beam mode, average beam currents 
of 3-5 #A of deuterons and 7-10 gA of protons can be 
focussed on target in a burst of about 0.75 ns duration. 
The pulse repetition frequency is variable from 5 MHz 
to 78 kHz by factors of two. 

Monoenergetic neutrons with 0 < E, < 12 MeV are 
produced via the T(p,n)3He and the D(d, n)3He reac- 
tion. Between 20 and 26 MeV the T(d, n)4He reaction is 
used. The neutron-production target is a gas cell similar 
in design to that described by Carlson [4]. When de- 
uterium target gas is used, the cell is operated at 
pressures up to 2.7 atm; with tritium gas the pressure is 
held under 1.6 atm. The entrance window may be either 
a Mo or a W foil of 5 #m thickness. 

The pulsed neutron source and associated time-of- 
flight spectrometer [1] has been used to measure nearly 
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400 differential cross sections for elastic and inelastic 
neutron scattering. Nonetheless, the existing system had 
important limitations particularly in the incident neu- 
tron energy region above 20 MeV. For example, the 
energy resolution of the spectrometer was limited by the 
maximum available flight path of 6.6 m. Moreover, the 
detector shielding was more appropriate for E n < 10 
MeV; consequently, the background in the region of the 
time-of-flight spectrum corresponding to about 8 MeV 
of excitation in heavy nuclei was too large to allow 
measurements in this region. 

The availability of the Michigan State University 
beam swinger magnet [5] provided an opportunity to 
design a long-flight-path, high-resolution, low-back- 
ground time-of-flight spectrometer for neutron scatter- 
ing experiments. 

2. The beam swinger 

The physical properties of the Michigan State Uni- 
versity beam swinger magnet have been described by 
Bhowmik et al. [5]. The swinger consists of two magnets 
which deflect the beam through - 4 5  ° to + 135 ° respec- 
tively so that it emerges from the swinger perpendicular 
to the original beam direction. The magnets are double 
focussing (n -- ½) and the mass-energy product of about 
52 is more than enough to accommodate the most 
energetic beam presently available from the Ohio Uni- 
versity accelerator. The entire magnet is counter- 
balanced so that it may be easily rotated about the 
original beam direction to any angle between - 4  ° and 
+ 180 °. The location of the beam swinger in the Ohio 
University laboratory is shown in fig. 1. 

In order to obtain long flight paths with the new 
spectrometer, it was necessary to modify the accelerator 
building by the addition of the time-of-flight tunnel  An 
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inexpensive means of construction was adopted, namely 
8 sections of precast concrete water conduit each 2.13 m 
in diameter and 3.35 m long were joined to the building 
at the location shown in fig. 1. An entry door and a 30 
cm diameter collimator sleeve were built into the exist- 
ing 1.22 m thick concrete building wall. The entire tun- 
nel is buried under approximately 3 m of earth. 

Location of the swinger magnet  along the unde- 
flected beam line of the tandem Van de Graaff  accelera- 
tor has several consequences: The full intense-beam 
capability of the tandem is delivered to the entrance 

slits of the swinger with minimum transport loss. The 
beam is, however, unanalyzed; thus the - 4 5  ° magnet of 
the swinger provides the beam analysis, and a set of 
control slits between the two swinger magnets provides 
feedback stabilization of the Van de Graaff  terminal. 
Since the dispersion of the 45 ° magnet is rather small, 
precise determination of the accelerated beam energy is 
made with reference to a calibrated generating voltme- 
ter. The precision power supply that is normally used 
for the beam switching magnet is available to energize 
the swinger magnet. The only significant change in the 
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Fig. 1. Floor plan of the accelerator and target areas of the Ohio University accelerator laboratory showing the location of the new 
beam swinger and time-of-flight tunnel. In this orientation, neutrons produced at reaction angle of 0 ° enter the tunnel through the 
collimator. 
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accelerator system that was required to accommodate 
the swinger was the replacement of the original mag- 
netic quadrupole doublet lens at the high energy end of 
the tandem by a quadrupole triplet lens. Excellent 
vacuum is maintained in the swinger by means of a 
cryopump located between the - 4 5  ° and + 135 ° mag- 
nets. 

The problem of time-debunching in the swinger mag- 
net is more important with the 4-9 MeV deuteron beam 
from the Tandem Van de Graaff than it was with the 
20-45 MeV proton beam from the Michigan State 
University Cyclotron. Preliminary beam-optics calcula- 
tions with the code TRANSPORT [6] indicated that, in 
the worst case, a debunching of 350 ps could be attri- 
buted to variations in deuteron paths through the beam 
swinger magnet. The actual beam burst duration was 
measured by observing particles elastically scattered 
from a thin gold foil with a fast scintillation counter. 
The stop pulse for the time-to-amplitude converter was 
derived from a capacitive pick-off unit. The measured 
burst duration was typically 550 to 800 ps both before 
and after the swinger magnet. 

3. The time-of41ight spectrometer 

3.1. Design aims 

The design aims for the new spectrometer can be 
summarized as follows: to improve the energy resolu- 
tion in neutron scattering experiments while reducing 
the background and retaining or improving the counting 
rate. The more immediate aim was to improve the size, 
efficiency, and pulse-shape discrimination (PSD) quali- 
ties of the present detector system with initial opera- 
tions to be carried out at a flight path of 13 m, i.e. twice 
the previously available flight path. 

It should be emphasized that many factors contrib- 
ute to the final energy resolution in a neutron scattering 
experiment. At long enough flight path, the energy 
spread in the neutron production reaction will result in 
a time uncertainty which is large compared to the time 
spread in the neutron detectors or electronics. In order 
to investigate these effects a computer program TOFSIM 
[7], was written to simulate the contribution to time 
resolution due to beam burst duration, beam straggling 
and energy loss in the source reaction gas cell, kinemati- 
cal variations in the source and scattering reactions, 
detector thickness, etc. This code proved to be exceed- 
ingly useful in the evaluation of system performance 
and the design of neutron scattering experiments. 

3.2. Neutron detector design and performance 

After consideration of the design of several large-area 
[8] and large-thickness [9] detectors, it was decided to 

construct an array of seven smaller more conventional 
detectors. The array consists of a central detector sur- 
rounded by an annular ring of six identical units (fig. l). 
Each of the detectors could then be designed for excel- 
lent timing and PSD properties, and the additional 
information provided by a subdivided array might be an 
advantage in the actual experiment. For example, in the 
forward direction where scattering cross sections are 
large and collimation is difficult, the central detector 
alone might be more useful than either a very large 
detector or a large array. Near deep minima in the 
elastic scattering cross section, the response of each 
member of the array can give detailed information on 
the shape and depth of the minima. 

In order to take advantage of the excellent PSD 
properties of the organic liquid NE-213, scintillation 
cells were fabricated from aluminum tubing (18.8 cm 
inside diameter × 10.2 cm long) with a thin aluminum 
entrance window and a borosilicate glass observation 
window. The aluminum surfaces were painted with an 
epoxy-based TiO z diffuse reflecting paint. The observa- 
tion window was coupled to a 6 cm long tapered plexig- 
lass light pipe that was cut to a spherical shape which 
matched the photocathode surface of an RCA-4522 
photomultiplier tube. The sides of the light pipe were 
partially painted with diffuse reflecting paint as sug- 
gested by Schrlermann and Klein [10] in order to re- 
duce the dependence of the anode pulse height on 
position of the event within the scintillator volume. 
Details of an individual detector are given in fig. 2. The 
total sensitive volume of the seven-detector array is 20 I. 

In order to test the response of this detector to 
neutrons in the energy region of interest, the natB(d, n) 
reaction was studied at E d = 8 MeV. Energy or time 
spread due to kinematic factors and target size or thick- 
ness were minimized so that time resolution should be 
determined by only two factors: beam burst duration 
and time response of the detector-including electronics. 
A typical spectrum with the 10 cm thick detector biased 
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Fig. 2. Neutron detector configuration. The cross-hatched areas 
indicate the regions of the scintillator cell and light pipe which 
were coated with TiO 2 reflecting paint. The active volume of 
each detector is 2.851 including a 10 ml nitrogen pocket. 
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Fig. 3. Time-of-flight spectrum for neutrons produced in the 
natB(d, n) reaction at E d =8 MeV, 0ha b = 15 °. The kinetic en- 
ergy of several well-resolved neutron groups are shown. The 
peaks in channels 320 and 380 correspond to states in 17F 
which are populated by (d, n) reactions from a 160 contami- 
nant on the target. 
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Fig. 4. Time resolution as a function of neutron energy for 
detectors of different thickness. The solid lines show the predic- 
ted energy dependence of time resolution for each case. Experi- 
mental values were obtained from the B(d, n) and O(d, n) 
reactions. See fig. 3. 

low enough to detect 5 MeV neutrons with good ef- 
ficiency is shown in fig. 3. Similar spectra were obtained 
for a variety of scintillator dimensions and a range of 
detector biases. In fig. 4 the time resolution At in ns, full 
width at half-maximum (fwhm) is plotted for seven 
well-resolved peaks both for the present detector and 
for a 11.5 cm diameter × 5 cm thick commercial detec- 
tor [ 11 ]. The solid lines are the expected resolution as a 
function of neutron energy according to the program 
TOFSIM.  As expected the time width of the peak 
increases with decreasing neutron energy due to the 
increasing importance of flight path uncertainty i.e. 
scintillator thickness. The energy width of the peaks is 
approximately constant at AE ~ 0.01E. It may be sig- 
nificant that the performance of the 10 cm detector is 
rather better than anticipated at the highest energies 
measured. The program T O F S I M  explicitly calculates 
the difference between neutron and photon transit time 
across the sensitive volume and combines this uncer- 
tainty in quadrature with the beam burst duration. This 
procedure apparently overestimates the actual time reso- 
lution of thick detectors at high energy. A similar effect 
was reported by Watson et al. [12] who attribute it to an 
increase in average transit time of photons to the cathode 
from events which take place far from the photo- 
cathode. The photons from such events are more likely, 
on the average, to have undergone mult iple  reflections 
from the diffuse-reflecting paint. Of more striking im- 
portance is the observation from fig. 4 that' for E n > 16 
MeV relatively little is lost in the time resolution when 
the scintillator volume is increased fivefold. 

The program T O F S I M  does not include any para- 
meterization of timing errors in the electronics (e.g. 
"walk") .  The combinat ion of very high quality 
constant-fraction timing discriminators and a novel 
treatment of the photomultiplier bias chain seems to 
render this contribution negligible over the time scales 
and dynamic ranges of interest in this work. The new 
biasing system [13] attempts to deal with the problem of 
anode current saturation for large energy deposition in 
the scintillator, Anode current linearity is essential if the 
constant-fraction timing principle is to be used; dynode 
linearity is equally vital for PSD. With many standard 
bias resistor chains, linearity can only be preserved by 
reducing the overall tube voltage. This remedy has the 
undesirable effect of reducing voltage gradient for the 
first few stages and thus increasing transit time disper- 
sion at the photomultiplier anode. The new system 
meets the requirement of high electric field near the 
cathode (for timing) and a large range of linear anode 
currents (for timing and pulse shape analysis). 

3.3. System electronics 

The overall block diagram for the seven-detector 
array is shown in fig. 5. The basic design philosophy was 
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Fig. 5. Block diagram of the electronics for the seven-fold detector array. Elements within the double line box (top) are repeated for 
each detector. 
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to fan in the timing information at an early stage but to 
treat the linear (pulse height and shape) information for 
each photomultiplier separately until after the neutron- 
or-gamma-ray decision is made. Better separation of 
neutron and gamma pulses is obtained by this approach 
since the noises on the seven linear signals are never 
added. The logic or T O F  information from the seven 
detectors, however, is processed by a single time-to-am- 
plitude converter and a single analog-to-digital con- 
verter. Thus, there is only one time scale for the entire 
array. The outputs of the seven constant fraction dis- 
criminators may be delayed in steps of 1 /8  ns until the 
time-of-flight spectra from the several detectors coin- 
cide. Routing pulses are derived from the dynode sig- 
nals of each detector so that the on-line data acquisition 
system [14] can store both the separate response (time- 
of-flight, energy and PSD) of each detector and the 
combined response of the array. 

The principle of dynamic biasing [15] of the neutron 
detector has been applied to the system so that the 
detector efficiency can be kept as large as possible over 
a wide range of neutron energies. The parameters of the 
dynamic biasing are established as follows: For  a given 
beam pulse repetition period r 0 (variable from 200 ns to 
64X 200 ns by factors of two) the neutron energy 
corresponding to 2% plus the time of flight of the 
highest energy neutron of interest is determined. All 
hardware discriminator thresholds are set near to but 
below this value. Pulse height signals from the dynodes 
are applied to ADC-0  while time of flight goes to 
ADC-1.  The computer  tests the pulse height against a 
table of 64 upper- and 64 lower-level discriminators 
depending on the time-of-flight channel number. If the 
discriminators are satisfied, the time-of-flight event is 
stored. The upper level discriminator is set to the maxi- 
mum pulse height for that neutron energy, and hence, 
decreases as neutron time of flight increases. The lower 
level discriminator levels also decrease as neutron time 
of flight increases but are always set high enough to 
eliminate very slow neutrons from the previous beam 
bunch which have flight times equal to the % plus the 
fight time of the event of interest. The shapes of the 
upper and lower bias curves are calculated from a 
single-power-law fit to the proton light output data of 
Verbinski et al. [16] for NE213. 

4. Application to neutron scattering 

The application of the basic beam swinger magnet 
and time-of-flight spectrometer to neutron scattering 
involves several important  considerations which would 
not be present if the system were limited to the study of 
neutron producing reactions such as (p, n) or (3He, n) 
reactions. Most important  among these considerations 
are (a) collimation and shadowing of the neutron source, 

(b) scattering sample position, and (c) the introduction 
of additional sources of time spread. 

4.1. Collimation and shielding 

The collimator sleeve that connects the accelerator 
vault and beam swinger to the time-of-flight tunnel 
(fig. l) provides both limitations and opportunities. The 
maximum solid angle that can be subtended by a detec- 
tor located just inside the tunnel is 5.5 msr (A0 = -+ 2.4 °). 
In practice, this is not an important limitation since it is 
usually necessary to measure differential elastic scatter- 
ing cross section with somewhat smaller angular accep- 
tance. Thus, a series of tapered polyethylene collimator 
liners was constructed to fit the wall sleeve and provide 
the desired angular acceptance. The choice of polyethyl- 
ene for the collimator of high-energy neutrons is at 
variance with the conventional wisdom but seems to be 
clearly indicated, at least up to 15 MeV, by the detailed 
Monte Carlo simulations of collimator performance by 
Schlegel-Bickmann et al. [17]. Since ample space was 
available between the source location and the nearest 
possible detector position, the tapered C H  2 collimator 
could be made quite long i.e. 230 cm. A second set of 
CH z collimators was constructed to fit inside the first 
set to provide an even smaller collimated solid angle. 
The dimensions of the optional inner collimator were 
chosen to subtend either the central detector of the 
7-fold array at the standard flight path or the entire 
array at the maximum available flight path. 

The performance of the shadow bar is crucial in 
neutron scattering experiments. Its role is to shield the 
detector and the collimator throat from the direct source 
neutrons. At the same time it should not become a 
secondary source that emits neutrons in the direction of 
the detector or the scattering sample. In the present 
geometry, the neutron detector array has no local shield- 
ing so all of the background reduction techniques must 
operate close to the neutron source. 

Criteria for the proper placement of a shadow bar in 
a neutron scattering experiment have been described by 
Hopkins et al. [18]. In fig. 6 (insert) their criteria are 
illustrated with slight modifications appropriate to the 
swinger geometry. Criterion A requires that the point of 
the shadow bar should lie along a line tangent to the 
scattering sample and through the edge of the neutron 
production target. Criterion B requires that the long 
surface of the shadow bar lie along the tangent line 
between the top surface of the scattering sample and the 
uppermost point of the detector array. The dashed lines 
C and D in fig. 6 illustrate the additional requirements 
that the face of the shadow bar nearest the scattering 
sample not be viewed by any point on the detector array 
and that the face of the shadow bar nearest the gas cell 
not  be viewed by the scattering sample. These criteria 
can be met over a wide angular range provided that the 
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Fig. 6. Mechanical arrangement for the self-positioning shadow bar. Criteria for the proper placement of the shadow bar are shown in 
the insert. The shadow bar consists of CH 2 and Cu with maximum length 140 cm, width 9.5 cm and height 21 cm. The first 45 cm at 
the front of the shadow bar are pure Cu. The shadow bar is suspended from an aluminum plate, P, an,d counter balanced with a lead 
weight (not shown) so that it rolls smoothly on a floo~'-mounted steel bar B. The angle that the bar B makes with the floor is easily 
adjusted so that criterion B (insert) is satisfied. As the swinger magnet is rotated, the goniometer circle G and the slot A rotate. Slot D 
is stationary. Motion of the double bearing E within these slots controls the motion of the shadow bar as follows: Motion of the inner 
bearing E within the slot A guarantees that the tip of the shadow bar moves along the criterion line A. The pivot point of slot A, PA, 
can be raised or lowered to accommodate a range of source-to-sample distances between 9 and 20 cm. The orientation of A can be 
adjusted at O A to allow for a range of sample diameters between 1 and 4 cm. The role of slot D is to provide for a slight rotation of 
the tip of the shadow bar about the axis Ps so that criteria C and D cannot be violated. The vertical position of the pivot point, PD, 
determines the location of the shadow bar tip along criterion line A. The orientation of slot D affects the rate of rotation of the 
shadow bar tip and must also be adjusted according to sample diameter. This system provides fully automatic positioning of the 
shadow bar over a maximum range of 0 ° to 148 °. 

t ip o f  the s h a d o w  ba r  is free to rotate .  
H o p k i n s  et al. p r o p o s e d  a mechan ica l  a s sembly  of  

bea r ings  and  pla tes  wh ich  cons t r a ined  the  s h a d o w  bar  
to m o v e  in a c c o r d a n c e  wi th  the  cr i ter ia  au tomat ica l ly  as 
the  neu t r on  de t e c to r  was  ro t a t ed  in the  hor izonta l  p lane.  
T h e  mechan ica l  p r o b l e m  in the swinger  g e o m e t r y  is to 
cons t ruc t  a s imilar  series of  cons t r a in t s  which  would  
ope ra t e  in the  vert ical  p lane.  In  the  swinger  g e o m e t r y  it 
is par t i cu la r ly  va luable  to achieve au toma t i c  pos i t ion ing  
o f  the  s h a d o w  bar  s ince  the  o the r  mechan ica l  p a r a m e -  

ters  o f  the e x p e r i m e n t  - swinger  angle and  sample  
pos i t ion  - are ope ra t ed  remote ly  u n d e r  c o m p u t e r  con-  
trol. A very sa t i s fac tory  so lu t ion  to this p r o b l e m  is 
i l lus t ra ted  schemat ica l ly  in fig. 6. 

As  i l lustrated,  the  tip of  the s h a d o w  ba r  is qui te  thin 
so that  it will fit in to  the  small  space  be t ween  the  
m a g n e t  pole  and  the  s ca t t e r ed -neu t ron  fl ight p a t h  at 
large sca t te r ing  angle.  Beyond  148 ° the s h a d o w  ba r  is 
d e c o u p l e d  at the  bear ing  E and  re t r ac ted  as m u c h  as 
necessa ry  to pe rmi t  the  m e a s u r e m e n t .  The  th ickness  of  
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the shadow bar is consequently too small when the 
swinger magnet is rotated for measurements at smaller 
scattering angle. Present practice is to augment the front 
end of the shadow bar with an additional thickness of 
Cu for use at the forward scattering angles and to 
remove these Cu blocks for angles greater than about 
120 °. If the present system has one failing it is that the 
attenuation of the Cu is not  as large as is desirable for 
E n > 20 MeV. There is not sufficient space to contain a 
much more massive shadow bar which still meets all of 
the placement criteria over a large angular range. It is 
occasionally necessary to employ ad hoc modifications 
in order to improve a particular region of the time-of- 
flight spectrum. Replacement of the Cu by the more 
effective but more expensive element W is under consid- 
eration. 

4.2. Scattering sample geometry 

Scattering samples for neutron scattering experi- 
ments are normally right circular cylinders. In the beam 

swinger geometry, the axis of the cylinder is in the 
horizontal plane. Since neutron scattering by the air in 
the vicinity of the scattering sample is a principal source 
of background, a typical measurement at each angle 
consists of both a "sample-in" and a "sample-out"  
measurement. Thus it is desirable to remove and replace 
the scattering sample quickly, accurately and remotely. 
In the present system, these requirements are met by 
using a "Geneva Drive" mechanism which rotates a 
sample holder very accurately through 45 ° . The sample 
holder and drive are illustrated in fig. 7. Samples are 
suspended between the arms of the sample holder in a 
nest of fine nylon strings. The sample holder can 
accommodate  three samples and one empty nest posi- 
tion for sample-out measurements. 

Good  collimation of the air space around the sample 
is best achieved for cylinders with length and diameter 
equal to about 2 cm. Isotopically enriched samples are 
not always available in these dimensions, so some flexi- 
bility is built into the shadow bar and collimator to 
accommodate  a range of sample dimensions. The col- 

Fig. 7. Scattering sample suspensio n and selection mechanism. The motor-driven circle P brings the shaft A into the elongated slot in 
the flower-like flange H, causing it to be rotated by 45 °. The motion of A is terminated at the end of one revolution when the 
microswitch is opened. The position of H is kept fixed by the half circle B. The nylon string arrangement is shown in the insert. 
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limator is adjusted simply by sliding the CH 2 pieces 
toward or away from the sample. The shadow bar 
adjustment was described in fig. 6. 

4. 3. Determination of zero degrees 

Since the differential elastic scattering cross section 
is often characterized by deep diffraction minima, it is 
important  to know precisely the scattering angle and, in 
particular, to determine the true zero of the angular 
scale. In the previous system it was always possible to 
map the source flux or measure the scattering cross 
section at negative angles. With the swinger magnet the 
largest accessible negative angle is - 4  ° and the anisot- 
ropy of the source reaction is small enough that a 
precise location of zero degrees is difficult. 

A simple but elegant determination of zero degrees 
in the source reaction is possible. A small quantity of 
oxygen  is admi t ted  to the gas cell and the 
160(d, n0)17Fg.s, and 160(d, nl)19Fist reactions are 
studied in small steps from - 4  ° to + 4  ° . The excited 
state transition proceeds via l =  0 transfer and the 
ground state transition h a s / - t r a n s f e r - - 2  [19]. The ratio 
of the ground state transition to the excited state transi- 
tion has a sharp maximum at 8---0 °. The experiment 
requires no monitor  or charge integration and provides 
a reliable determination of zero in the source reaction to 
within -+0.05 ° . 

It remains then to show that the scattering sample 
has been placed symmetrically in the zero-degree flux. 
This is done by performing a transmission experiment 
between - 4  ° and + 4  ° . The transmission minimum at 
zero degrees is sharp enough to permit the location of 
the true zero in the scattering experiment to within 
-----0.1 o. The precision of the standard optical alignment 
technique was confirmed. 

5. Results  

Neutrons with kinetic energy of (24.0--+ 0.06) MeV 
were produced by bombarding a 3 cm long gas cell filled 
with 1.5 atm of tritium gas with 7.07 MeV deuterons. 
The gas cell has a 5 # m  thick Me  entrance foil and a 
gold beam stop. Neutrons elastically and inelastically 
scattered through 26 ° by a 15.5g carbon scattering 
sample are detected in the 7-detector array at a flight 
path of 13m. The raw sample-in spectrum in fig. 8 
shows clear evidence of the ground state and the excited 
2 + and 3 -  states at 4.44 and 9.63 MeV. The much 
weaker 0 + state at 7.6 MeV and 1 + state at 12.71 MeV 
are discernable in fig. 8 and are distinct in a back- 
ground-subtracted spectrum. The large peak near chan- 
nel 180 corresponds to elastic scattering of 10.2 MeV 
neutrons produced by the parasitic 2H(d, n) reaction in 
the tritium gas cell. When the spectrum in fig. 8 is 

12 12 
C{n,d) C 

En = 24 Me V 

e = 26 ° 

Flight poth • i3 m 

Greed 
Stoto 
+ re 

60 120 tSO 240  300  360 420 480  
Chonne l  N u m b e r  

Fig. 8. Time-of-flight spectrum of neutrons scattered elastically 
and inelastically from 12C. The peak near channel 180 corre- 
sponds to elastic scattering of a contaminant neutron group in 
the source reaction. A sample-out background spectrum has 
not been subtracted. Excitation energies of the inelastic peaks 
are indicated. 
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Fig. 9. Laboratory differential cross sections for 7.2 MeV neu- 
trons scattering elastically and inelasticaUy from 2°spb. Rela- 
tive errors are indicated only when they exceed the size of the 
plotting symbol. The data have not been corrected for multiple 
scattering. 
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compared  with similar (unpubl ished)  spectra taken in 
this labora tory  with the old spectrometer,  the most  
s tr iking difference is in the reduct ion of background  
(about  two orders of magni tude)  in the sample-in spec- 
t rum in the region of the 9.63 MeV peak. 

The largest con t r ibu t ion  to the energy or t ime resolu- 
t ion under  these condi t ions  is the straggling and  energy 
loss of the deu te ron  beam in the entrance foil and  target 
gas which amount s  to 1.9 and  2.0 ns  for the ground and 
first excited states, respectively. Cont r ibu t ions  f rom the 
detector  response and  kinemat ic  var ia t ion of neu t ron  
energy with scat ter ing angle are also present  but  smaller. 
The  actual per formance  of the spect rometer  is some- 
what  bet ter  than the predict ions of T O F S I M  (2.2 and  
2.6 ns for these peaks). The  difference appears  to lie in 
the t rea tment  of k inemat ic  energy spread which increases 
monotonica l ly  f rom 0 ° to near  90 ° and  is an  impor t an t  
effect in the scat ter ing from light nuclei. Its impor tance  
can  be reduced in the present  c i rcumstances by perfor-  
ming the final t ime al l ignment  of the seven-detector  
array with neu t rons  scattered from carbon  through 45 ° . 
In  this manner ,  the coherent  cont r ibu t ions  to line width 
across the finite d imensions  of the detector  array can be 
made  to cancel out. Used in this manner ,  the multi-de- 
tector  array can be thought  of as a "t ime-loss spectrom- 
e ter"  - the analog of the "energy-loss spec t rometer"  in 
charged-par t ic le  physics [20]. 

In the first exper iment  which employed the entire 
system described above, 7.22 MeV neut rons  were 
scat tered from a 109 g sample of 2°spb. Measurements  
were taken every 4 ° (2 ° at the forward angles and  near  
the elastic minima)  between 8 ° and  160 ° . Differential  
cross sections in the labora tpry  system are shown in 
fig. 9 for the ground state and 3 -  state at 2.63 MeV. 
The  data  have not  been corrected for mult iple scat ter ing 
and  are shown only to indicate the range and  precision 
of neu t ron  scat ter ing measurements  which are possible 
with  the beam swinger technique. 
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