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ABSTRACT

We have developed and tested a thermal neutron, tvo-
dimensional position-sensitive detector for use in neu-
tron scattering from biological samples. The detector
is based on a multi-wire proportional concept with a gas
filling of 6 atmos. HeJ, 4 atmos. A, and 0.5 atrmos. COj.
The position readout uses a resistive wire with charge
division to determine position. We have measured a res-
olution of less than 3 mm (FWHM) with a detection ef-
ficiency of 70% at 2.8 ! nevtrons. Considerations lead-
ing to an optimal configuration are discussed.

1. Introduction

Position-sensitive detector systems for neucron
scattering are a continuing need in neutron diffraction
experiments, Many possibilities suggest themselves as
the method best suited to fulfiil this need. Of these
methods, we belleve rhat gas discharge detection of
neutron-induced charged particle reactions is the method
of cholce under existing technology for the detection of
thermal neutrons. Of the possible types of gas discharge
chambers, practical considerations, such as gamma ray
background discrimination and count rate capacity, limit
consideration of a practical detector to two types of
chamber (a) ionization (non-multiplicative) and {b) pro-
portional (multiplicative). Of the two types of chamber,
we have chosen the proportional due to larger aignal~
produging capacity coupled with sufficient energy resolu-
tion." The former attribute reduces the burden on the
position sensing system while the latter enables the re~-
jection of background gamma rays. Table I lists three
charged particle reactions that are suitable for use in
a gas discharge chamber to detect thermal neutrons. Of
the thxee, only He” and B0 in the form of BFy are of
practical use. The He3(n,p)T reactlion has a reaction
energy of 764 keV and a cross section of 5327 barns, The
Bl0(n,a)Li? reaction has a reaction energy of 2.79 MeV
and a cross section of 3840 barns.? We have chosen the
former due to its ability to operate at high pressures
and relatively low voltages with good multiplication and
to its high thermal neutron cross section.:7,8, The
relatively low reaction energy is not a liability sfnce
there is sufficient gas gain available in the chamber.
There are several methods in use today of reading the
pesition of the neutron induced reaction from the cham-
ber.10-18, Primary among these methnds are (a) one
amplifier-discriminator per wire; (b) delay line
position sensing (whether dec coupled or capacitively
coupled); {c) resistive wire (whether charge division or
diffusive RC delay lines). The method of charge divi-
sion of signals from a resistive wire readout 1is
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particularly suited to high pressure proportional cham-
bers where signal riae times are slow. Non-dispersive
delay lines do mot offer sufficient delay per unit
length to give adequate spatial resolution with the poor
time resolution iInherent in such slow rise signals. Even
if such delay lines were available, the count rate capa-
bility of such a system would suffer due to the long
event-processing time. The count rate capacity of the
charge division readout is comparable to the charge col-
lection time in a high pressure detector, and is suffi-
cient to the needs of neutron diffraction studies at an
economical cost. Charge division is understood theoret-
ically, and the realization of a sufficiently fast di-
vider is feasible as we shall demonstrate below. Hence,
we have adopted this method as the basis for position
readout in our detector.

Herein, we report the development of a neutron-
sensitive, position-sensitive detector based on a ten-
atmosphere, Hed and A-filled, multiwire proportional
chamber with resistive wire readout. Such a counter
yields basic parameters of 707 neutron efficiency at
2.8} neutrun-wavelength and 3 mm useful spatial res-
olution at FWHM along the coordinate parallel to the
anode wires. The orthogonal coordinate is spatially
quantized by the anode wires.

2. Detecter

Figure 1 shows a schematic diagram of the multiwire
proportional chamber geometry. The basic configuration
consists of three wire planes with the anode at the
center and two cathodes, one above and one below the
anode. Each electrode is supported by a separate glass
frame whose interior dimensions are 1B.5 cm (7.3 in.)
square. Thus the sensitive region of the chamber mea-
sures approximately 18 cm x 18 cm. Glass is used as the
support of each electrode to reduce the possibility of
contamination of the gases by outgassing of electro-
negative materials. In a closed system, over a long
period of time, such cutgassing could poison the chamber
to the extent of rendering electron collection and gas
multiplication impossible, Glass frames also have the
advantage of reducing the hydrogenated materials in the
chamber to & minimum; hence the sensitivity to any fast
neutron flux component is minimized. The wixes were
wound on the frames by conventional winding techniques.
The anode consists of 20 pun (0.000Bin.) diameter stain-
less steel wire with a spacing between wires of 2.54 mm
(01 in.). Each cathode was fabricated of 100 um@.0041in.)
diameter wire attached in the zig-zag fashion shown in
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Fig. l(a).19 Thus each cathode forms one long resistive
readout wire with a total resistance of approximately
1000 ohmg. The spacing between each readout wire is 1.27
mm. (0,03 in.). The use of a single, long resistive wire
for readout simplifies the construction procedures used
in this chamber, and, as we shall show later, the rela-
tively low resistance does not adversely affect the pos-
ition resolution of the chamber. Interelectrode spacing
is 3,18 mm.(0.125 in.l and there is an additional 3,18
mm, between the cathode planes and the grounded surface
of the pressurr vessel. Charge from He? reaction product
ionization is drifted intu the interplane region from the
drift space (Fig. 1b) by &an electric field equivalent to
that between the cathode-anode planes.

The three planes are assembled, as shoun in Fig. la,
and placed in an aluminum container capable of withstanding
overpressures of 150 psig. Small gaps betwean the frames
supporting the three electrodes were filled with a sili-
cone rubber compound to prevent the high electric fields
assoclated with edge breakdown. The entrance window of
the pressure container is 0.35 cm(3.375 in.) thick and
matched to the active area of the chamber. With this
window, B% of the incident neutrons ayre scattered out of
the beam, assuming a scattering cross section of 1.46
barns for aluminum at thermdl energy. Since the scatter-
ing is isotropic, approximately one half of the scattered
neutrons will be detected in the counter, increasing the
background. 1In general, the effect of this scatter is to
produce broader non-gaussian tails to the position resolu-
tion function,

The gas used in filling the chamber must be of ex-
ceptionally high purity to yield good results at pres-
sures of 10 atmospheres. High impurity levels, espe-
cially of water and oxygen, can cause electron trapping
with consequent degradation in charge collection. The
argon and carbon dioxide are batch analyzed by the manu-
facturer and found to have the following impurities:
argon, 0, < 0.5 ppm, Ny < 1 ppm, 2w point —105°F, and
total hyérocﬂtbons < 0.5 ppm; carbon dioxide, 0, < 0.5ppm,
Ny « 5.6 ppm, dew point -130°F and total hydrocirbons
< 0.5 ppm. The He’?, as supplied by the manufacturer,
contains 10° ppm of unknown impurities. To remove the
electronegative fraction of these, the helium is heated
to 600°C in a caleium loaded purifier and held for 30
minutes.20 After cooling, the gas is inserted into the
detector without any further purification. The chamber
was filled with 6 atmos. He’, & atmos. A, and 0.5 atmos.
CO;. Energy spectra obtained with the detector with
this gas mixture are consistent with those shown in
Refs. (6-9) and, hence we conclude the gas is sufficiently
re for our application.

Outgassing of electronegative materisls and leaks of
noble gases at high pressures are always difficult prob-
lems when attempting to develop a high pressure, non-
flowing gas proportional detector. We have measured the
leak rate of our detector with a helium leak detector to
be 5 x 10-6 std. cc/sec. Thus we should lose approxi-
mately 0.25% of the filling gas/month. Chamber outgassing
limits the useful life of the gas to approximately 4
months between refillings. We are presently developing
a "getter” type purifier on the detector to extend this
time.

3. Neutron Detec
Product Psrt
Position Reso

tion Efficiency,

icle Ringe snd
ution Function

Unlike Hel detectors without poaition sensitivity,
where the range of the charged particles is unimportant
(except to the extent that wall and end effects become
important), position senaitive detectors require that the

particles be stopped within the desired gpatrial resolu-
tion of the chamber.?l Unfortunately He? by itself is
not sufficiently dense at reasorable working pressure
to stop the proton from the He3(n,p)H3 reaction in a
reasonable distance._ At 10 atmospheres the range of a
573 keV groton in He3d is 1.045 mg/cm2 or approximately
7.9 om.%%¢  The 83 ion range is approximately one-half
that of the proton. Hence the proton range dominates.
Thus there is an obvious need for a gas whose function
is to stop the charged particles resulting from the
detection reaction. We have conflicting requirements
on gas composition which must be resclved, i.e., high
percentage of He3 for detection efficiency vs. a high
percentage of some denser gas for increased charged
particle stopping-power. Increasing the working pres-
sure of the chamber is a partial solution to this prob-
lem, However, mechanical limitations of the pressure
vessel as well as charge collection and multiplicatien
at high pressures in large chambers limit the pressure
to approximately 10 atmospheres. A reasonable compro-
mige of these factors is thus necessary to obtain per-
formance characteristics that are satisfactory for small
angle neutron diffraction scattering experiments.

Argon, a gas whose electron transport and multipli-
cation properties are well known,'has been chosen for
the stopping gas in the detector.?,3, In choosing a
dense gas to stop the He” reaction products, the gamma-
ray sensitivity of the detector, which arises from dif-
farent detector elements at different incident energy,
must also be considered. However, upon noting that the
dependence on the atomic number, Z, of the photoelectric
cross section is z4:5, of the Compton crcss section is Z,
and of the proton range is ] , we have concluded that
argon is preferable to denser noble gasses.®<» At
gamma-ray energies below 200 keV, where most interactions
are in the detector gas, argon has low photoelectric and
GCompton cross sections. At higher energy (1 MeV), where
most detected gamma-ray events are caused by electrons
recoiling from the detector walls, the ionization from
the electron is higher ir heavier gases, causing more
neasured charge.

Figure 2 shows calculated detector efficiency vs.
neutron wavelength for a gas filling of 40% argon and
607% He3 by volume at 10 atmospheres. The efficiency for
4 A neutrons is 91%, and for 1.82 neutrons (thermal)
is 67%. These efficiencies are more than sufficient
for our application in biological neutron scattering.
Figure 3 shows detection efficiency of 4 # neutron vs.
gas composition at 10 atmospheres pressure (curve A) and
proton range vs. gas composition at 10 atmospheres pres-
sure for two gases, argon and krypton, (curves B and C).
The calculated value for proton range under the ogperating
characteristics of the chamber (6 atmospheres He>, &
atmospheres A, 0.5 atmosphere COp) yields a proton range
from the He (n,p)H3 reaction of 2.3 mm. The accuracy of
this figure is difficult to assess due to the lack of
primary data.22 However, we shall compare it to our ob-
gerved spatial resolution in a later section. i

From the above, it becomes possible to calculate
the spatial resolution functiuvn for the proton and triton
produced from the Hed reaction. If we examine the paths
of the charged particles emitted from a small volume of
gpace AV in which neutrons are captured, it is clear from
the kinetics that the proton and triton are emitted back
to back and the direction of proton emission is isotropic.
The proton, whose energy is 573 keV, has a range ~ 2 times
as great as the triton, whose energy is 191 keV. Thus
for neutrons captured in any small volume of space AV,
the resultant ionization from many such captures will
form a spherically symmetric distribution about the cap-
ture point. The radial dependence of the ionization



distribution will be complicated by the multiparticle
emission and the spatially non-uniform specific ioniza-
tion from these particles. We may, however, write a
general expression for the spatial resolutfon function
projected to one dimension, D(p), caused by this ioniza-
tion cloud. 1In general,

@ T

D(p) = 2 i j rZ2 dr sin § d8 f(r)s (p-r cosg) (1)
o

where p = the spatial coordinate,

f(r) = the function describing the radtal dependence
of speciZic ionization caused by the proton and tritom,

r,0 = variables of integration,
- & = Dirac &-function.

The integral sums ionization over planes parallel to
the x and y axis and at distance p above the origin.
This formula may be further simplified by performing the
integration over §. Namely,

D(p) = Zn_[ r dr £(x) .
p

)

If one makes the simplifying assumption that f(r)
is a uniform function of r with value ¢ up to some cut-
off value R, the resolution function becomes

DG = mp@2-p2), Bz px -R . &5}

One may calculate the full width at one half maximum
(FWHM) of this distribution to be o2 R. 1€ R is taken
as the range of the protonm, Rp, the predicted epatial
resolution of the detector is 3.25 mm.

A more detailed caleculation_can be made using tab-
ulated electronic stopping data. From thia data, a
specific fonfzation disttibution f{r) may be calculated
numerically. The ionization function £(r) ie derived
from a superposition of ionization cgused by the proton
and triton reaction products from He”(n,p)H”. Pigure 4
shows the one dimensional apatial resolution function,
D(p), under two conditions: curve A, uniform fonization
up to a cut-off range RY' the proton range, and curve B,
specific ionization derlved from Bragg ionization curves.
The FWHM of curve B is 1.2 x R, and predicts a physical
spatial resolution of 2.76 mm « This value agrees
more closely with our experimental result.

The range of the reaction products has a small ef-
fect on detector efficiency for neutrons. A simple cal-
culation shows that 10% of the protons and 5% of the tri-
tons atrike the detector wall before reaching the end of
their range. The charge collected from these events is
reduced, and depending on the charge threahold for valid
events, the effective neutron sensitivity is also some-
what reduced.

4. Electric Fields in the Detector

We will now compute the electric field and inter-
electrode capacitance of the various elements of the de-
tector (Fig. 1b). The field distribution rust be known
so that the charge traneport in the drift space, charge
multiplication and quantity of charge fnduced on the cath-
odes can be known for each event,

The electric field for the configuration shown in

Fig. 1(a), (b) is difficult to calculate exactly. Charpak
has given an exact field calculation in two dimensions

for the simpler case of a wire grid between two grounded
plane electrodes.** The exact solution for the configur.-
tion in Ref. (24) is cloerly approximated by formulae for
a plane triode given in Spangenberg.25 This approximate
expression is valid when the interelectrode gap is greater
than the wire spacing, and it can be written in the form,

-
V~~q [Zﬂ’l./s -1n{4 stnz(ﬂx/s) + 4 sinhz(ﬂyls}_l (4)

vD
9~ [ (ML/s-1n nd/8) ] &2

where q is the charge/unit length on the wire

L is the interelectrode spacing (Fig. 1b)
s is the interwire spacing
X,y are coordinates

V, 18 the potential applied to the
central wire grid.

From this formula it is clear that the chamber has a
region close to the wire in which the field falls as
1/r,({r<0.1s). Further away the field becomes uniform.

The capacitance of the central wire grid then
becomes:

p2 1

Zs [(L/s-1n Td/s) ] (6)

c=¢8

where D is the length of one side of a square grid, C

is the cspacitance. This approximate form satisfies
Poisson's equation, However, the equipotentials are

only approximately circles at the central grid and straight
lines at the ground planes under the conditions given
above. Such an approximation is, however, quite adequate
for our purpose. The more complex geometry of this de-
tector, shown in Fig. 1(b), may be analyzed using functions
baged on the form given in Eq. (4). We have calculated
the potential for cathode and anode wires running paral-
lel, since crossed wires lead to a three-dimensional
problem. Only this half of the chamber is then described
in the calculation. Electrical characteristic should not
be appreciably different in the other half. We assume
the pressure vessel is the reference potential (ground).
The cathodes are distance Ly from the pressure vesael,
hsve interwire spacing §¢, wire diameter d; and charge

qc on each wire. The anode is at distance Lj from the
cathode, has wire spacing §,, wire diameter da and charge
3g on each wire; q, is the charge on the ground planes.
With these definitions we may write the potential, ¥, as
a function of position:

-2nq,, < Y'L:'Lz )

+ag{1a4 sioh®r(y-Ly) /544 sin® (ra/S,)1-2mL, /5, |

V=

+qa{ln[lo sinh?(my/S )+4 sta® (x/S,)1-2n (L1+Ly)/s,
(7

+ Constant .
Evaluating Eq. (7) at the surface of the electrodes
with the appropriate potentialsg V3, and V_, the anode
end cathode potentials, gives rise to two equations in
the unknowns, q,, qp and q.. The third equation is
provided by the subsidiary condition that the field
outside the chsmber be constrained to zero.



Upon solving this system of equations for Q, these
values may be substituted into Eq. (7) and the potential
as a function of electrode voltages may be calculated.
Figure 5 shows a plot of the potential as a function of
y for the spectf(c geometry of our detector at two x-
values, x = 0 and x = 0.0635 cm with V_ = 1.D and Ve =
0.4. At these voltages, the drift fiﬂ?ds on clthcr side
of the cathode are uniform. Also, no charge is collected
by the cathode although there is a low field regicn near
the cathode wires associated with a saddle poiat on the
potential surface.

The capacitance matrix may be derived from the sys-
tem of equations described above. The elements uf the
capacitance matrix relate the effect on the charge of
any electrode caused by changing the voltage of any other
elvctrode. Thus for the specific geometry under consfid-
eration, the cathode capacitance, with the anode and pres-
sure vessel grounded, s 198 pF. This value agrees to
within 10% of the measured value, Cathode capacitance
is an important parameter in chamber design, as will be
shown below. The optimum position-signal processing
purameters are intimately connected to cathode capaci-
tance in terms of count rate and electronic posirion reu-
ovlution. By comparison, the capacitance of a parallel
plate capacitor of similar dimensions is 275 pF. The
discrepancy is due to the work needed to move the charge
from a uniform distribution on the plate to the circutar
geometry of the wires. However, provided that the ratio
of interwire spacing to wire diameter is less than 100,
t}  parallel plate approximation may be used in most
practical cases.

The cathode signal 1s induced by positive ions fall-
ing through the strong 1/r electric field surrounding
the anode wires, Thus, the signal is induced over sev-
eral wires, and the span of the induced signal is of the
order of the interelectrode gap. Since the cathode in
this case is not a solid piane, but rather o linear ar-
ray of wires, one must ask how much charge fs iuduced on
the cathode wires and how much 1s induced uselessly on
the pressure vessel wall., That which is induced on the
will is not included in the measurement of the position
of an event and hence position resolution suffers. an
exact calculation of this quantity presents formidable
mathumatical difficulties. We are interxested ian the
field induced by a point charge near the anode wire in
the given charer geometry; such a geometry has few gym-
metry properties. We can, however, calculate the charge
induced on the cathode vs. the pressure vessel by an in-
crement of charge spread uniformly over the anode. This
figure, n, {s a reasonable estimate of the performance
ot the actual detector with regard to induced charge.
Therefore, m may be written as,

8qy/Lv,
89, /8Va

%)

where Cp. 15 the box amode capseitance and C.n 18 the
cathode ancde capacitance. mn for our detector is equal
Lo 0,09 negligible charge is lost to pressure vessel
waills. We have measured this quantity experimentally
with neutron induced pulses and found it to be in good
agreement., This measurement is taken by comparing the
anode signal to the sum of the two cathode signals, 1-n
being the ratio of these two quantities.
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5.

5.1 $igaal Poocessing

The charge division ccthod determines the porition
of the cvent by calcubating the ratio of the chatge <01
lected ot one end of the fesletive wive Lo the Inlal
collected charge.  The charge divizien sothad of pexilion
readuut boas an {sportant attribure, which Lt sharer with
several other readout sothedn. The peaftion that the
readout cozputes $s the conler of gravity of the cugrents
induced on the cathode wites. HKence we have the capabil-
ity of interpolatioR positions of eveats chat ocous be-
tween che catheds wires, Since the charpr §¢ always
multipliced very claose to the anade wirez, the Sleensbon
at right angles to the dlyection of the annde wives hasn

a spatial quontisation, The other dizonaion vzbiblts o
smooth vasiation in readout pusition va. event posltlon
due to Cthe faterpolatiop nature of the teadout,

Flgure O shows a block dlagras of the electgonics
used to read the position of a agulron captufe cwenl.
Each end of the cathode ix censecteod o 5 neparals charge
sensitive prvncpll!iur. This penersl cdvzvit has been
disscribed prtvzously.-b We have modifled L1 §n onc dn-

portant aspect, however. The fnput {spedance of thea
circuft is shown to be*
R Lol
in i Cf

where Co/gm 5 the tioe constant of the do=inani suole

in the open loop gain of the preazplificr and €y the
feedback capacity. This cxpressioen iz acourale so baonip
as the signal time, =, 15 less than C /gy, Since Ry o

Ry for cach cathode is ~ JOOO ohes, Lt Ly fcportant o
keep the fnput resistance of the preazplificr a=all,
atherwise the position scasitivity of the readout in
reduced. To accompilsh this ond, the fevdback capacéty
C¢ was chosen to be 50 pF and the fredback gexfater te

be ! megohm. These values glves the desired 50 osec
decay time. Under these conditions, the input resistaace
is measured to be approvimately SU ohms,  The cuprert
waveform from the cathode is proportionsl to (let/e, R
when t, is o parameter dependent on applicd vnltahv
posittve fon mobility, and chamber geometry.~? Thuz
voltage output of the preamplifivr Lls proportieonal te
In(l+t/ty), the integral of the current, L.e,, charge.
These are waveforms arisiag from jonization tracks in

the gas of zero path length. For funization paths of
finite ex:egt (the case for protons and triton im the
reaction He (n,p) H ). the waveforms will be further
smeared out in time. The lower limit of e preasplificr
bandwidth furcther alters the waveforms, moking thes decay
with a time congstant of approximately 5C ysec. Henco,
rather thaa specify ty, the risetime of the preamplificr
output pulse is used to characterize the waveforss,

For our configuration, the risctime (10% to 907 of the
preamp output waveform) 1s measured to be 0.5 Lsec

the

Unfortunately, the current cutput from cich catovde
is sufficicatly small that thc noise from various
dissfpative components in the clectronics can cause af-
parent spatial resolution effects comparable to those
caused by the finite path length of the products in the
aeutrofl capture rcactfon., Of these sources, the dominant
nolse component {8 generated by the readout wire ftsclf.
Thus, the optimization of circuit parameters ogalnst
these noisc cffects {s necessary. An extensive analysis
of this subject has been prescnted in Ref. (27), from



which we il quete reselts.

he output of the charge-sensitive prescplifiors s
furcher shaped and s=piificd by two delay line clipped
seplifizca,. Thosc have shaping of 1 usec delay lines
tollowed by #C integratfon with o time constant of
.25 usec. This shaping enables the position determination
to beo made based on wirtuslly all the charge froe an evont
induced on the cathodes. Although positlion llnearity does
nat suffer L€ all the charge i# not collected, position
resolutivn dues. On the other hand, {f the measuresont
it §9 oxtended too long, the position reseluticn will
aiso worsen dur to noise as doscribed bolow. Henco, there
is an optleam shaping for ainimun pesition resolution.

For the shapicg wo have chosen, we may calculate the
pasition reenjution expected on the basis of electronic
solse aloae. e wish this nolsc contribution to resolu-
thon Lo de significantly less thao that caused by the
charged particle path icngths fros the Hed reaction.
Fiest, deflioe In and Cp aw the total resistance and capsc-
Ley of the cathade. 7y as tho width of the delay line
a=plifior shaping function sa 1ts base, ossusing It tobe
traperoidal tn shape with thu tep of the trapezold being
Q.6 of the bosc. Naw, the eguivalent noise chargs input
{ato the cathode can be written,

(;m;’ . ja7 i'l':_!j (rs) (10)
]

and the velative ¢lcctronic resolution of the cathode fs

i, 2.3 B CFER) )
[ 0

shere T ks Boledman's constant ouitiplied by o persture.
Thus §n our csse Bp « 3000 D, Cp » 200 pP, *p »

1.1 usec, ENCp » 9,29 » 107 s clectrons and &L =

2.18 x 10%/Q, vhere Q, is the charge collectedd by the
cathode. We expact to collect % x 10% electronic chsrges
an each cathede. Therefore, «0.437%. Uslag o lumped
RE lioe with appropristely S1diribuled rosistance and
eapacitance, wo hove scasured &L = 0, 477, confirsing

th. #at~ulgtion. This posltiod resolution is equivalent
to appromimately ) am fo sparial resolution ovar 17 cm,
Since ths particle range is ¢rpected to yield a resolu-
tion function of ~ 3} mm, the initisl criterion (or the
veadout fe satisfivd. Figure 7 shows a plot of system
postltion cutput ve. injected charge position on au RC
liae vith lincarly distribuced resistsnces. This RC
tine siewlotes the paramctors measured in the detector.
The noa~ilcesrity of this graph (3 less than 0.3% e
deterwined by fitting the date to a qusdraeic function,
whers non-lirearity (s defined ac one half the ratio of
the quadratic ters to tho totsl measured position at the
waximum shcissa. Ia the ooxt section, we shall show
sinilar results taken fxom actual neutron dats.

The abave analysis defines the basic performance of
the system. The romsinder of the clrcuitry shown in the
block disgram (Fig. 6) serves basically to reslize the
diviston function. The unipolar outputs of the linear
amplifiers src added in one channel to give the totsl
chisge collected fyom the cathode. Thie sum signal and
the unnormalized position signal sre applied to the
linear tnputs of a pair of linesar gates and etretchers.
Thase linear gates are strobded by a signsl derived from
the sum of the bipolar outpute of the delsy line clipped
ampliffers. This sus Ls processed through 2 timing single
chennel anslyzur that provides energy discriminstion
sgainat noise and poraible gsmma rey contaminstion of the

charged particle cnergy spectrum. It is this output
which strobes both the linear gates and the divider,
the autput of which is thc measured position signal.

Each cathode has clectronics fdentical to that
doscribed above. In addition, o time colncidence is
required botween the timing single channel outputs of
each cathode to sccept a valid event., The snalogue
output signals arc converted in scparate anslogue-to-
digital converters and the digital resule is stored in
12,000 memory locations of medium size digital computer.
For further anslysis, thc results are transferred to
magnatic tape and processed off-linc.

5.2 Apalogue Divider Circuitry

The complete circuit diogram of the analogue divider
is shown in Pige. 8 and 9. The divider is based on log-
arithmic conversion of the two {nput variables, and on
the exponentis] conversjon of the difference of the two
logsrithus. The logorithmic-exponentfal conversinns are
performed using the exponential characteristics of semie
conductor junctions. This sclueiun was chosen becav i
of fonherently good accuracy over a large dynamic ronge,
and since the development of a fast logorithmic converter
circult? made fast conversion possible. It can be shown
that the temperature dependence of such a divider circuit
csn be reduced to a term (W/X)AT2/Te, where T, and T, are
abdsojute temperatures of the junccions used for logarith-
oic and enponential conversion, and A 15 the gain of the
difference ampliffer. To aafntain r.arly the same Iompers
ature for the two logarithmic converters ard for the ox-
ponentisl converter an integrated monelithic mulciplic
transistor circuit vas used, and the caxiwum power dissi-
pation was kept at a faw milliwates., Fast logarithmic
conversiaon wsy discussed fn detafil fn Ref., 29. Inputs
to logarithmic converters are d¢ coupled. A small adjust-
sble corvestion s provided for the residual emitter re-
sistasnce in both the logarithmic and exponential circuits,
In the former, & linesr term (a constant fraction of the
input) is subtracted from the logarfthmic output. In the
exponentisl circuit, a lincar torm (conatant fraction of
the output) is added to the drive via the emitter.

The exponentisl converter is ac coupled at the in-
put.and it incorporates a baseline restorer (transistors
14 to 22), This solution was chosen to schieve dc sta-
bility. This exponentisl converter was developed from 2
circult by Goulding.3® The gein A for the difference of
Jogaritims should be unity. (Otherwise the output is an
exponentisl function of the ratio.) The output of the
divider is strobed during the fiat top portion of the in-
put signals, to svoid large signals vhen the denominator
is small or zero.

The circuit can be adjusted to an accuracy of the
ratio of 0.22% over a dynamic rorge of 20 te 1. The divi-
sion {s performed in 500 nscc.

6. Results

The chamber, as described in the previous cections,
has been tested for o vericty of parameters thst indicate
its performance under resl experimental conditions. Among
these parameters arc spatial resolution, spatial non-
1inesrity, spatial non-uniformity in cfficiency, wall
effect, background gammi-ray sensitivity, detection cf-
ficiency, event mesclving time and cvent processing time.

A summary of this information along with the physical
chstmber cheracteristics is presented in Table 11.

Pigure 10 shows the pulse height spectrum derived



from pulses summed from the two ends of the cathode, as
shown in the electronic block diagram (Fig. 6). The other
cathode produces the same spectrum. The pulse height in
this spectrum is proportional to the total charge collect-
¢d by the anode and, hence, to the tctal energy depoulted
in the detector by the reaction products from He3 (n,p)H3,
(Q = 764 keV).

The energy resolution displayed in the energy spectyum
(Fig. 10) is worse than one usually sees in single wire
Hed filled neutron detectors. At lower voltages, aand
hence lower gains, the specerum shape is comparable to
thet obtained in Refs. (6-9) and the encrgy resolution 1im
slmilar. However, as the gain of the chamber 18 increased,
the spectrum shape deteriorates to that shown in Fig. 10,
1t iy recasonable to ascribe the de§rnding of the energy
spectrum to space charge effects.3 Different track ori-
centations of the reaction products yield different ap-
parent charge gains due to charge density effects around
the anode wire. The cholce of operating point and gain
wss made on the basis of spatial resolution desired vs.
tolerable gamma-ray background, At high galns the energy
resolution of the neutron peak deteriorates. Therefore,
1o remain at the same neutron efficiency ovne must accept
more gamma background. All tests reported im this section
wete performed with discriminators set at 370 keV, Fig. Q0).

It is difficult to define gamma-ray sensitivity in
the typical reactor environment since many gamma-rays of
different energy are produced. However, in the environ-
ment in which this detector operated, (BNL HFBR) the
gamma-ray background is 5 counts/sec with the primary
beam on snd stopped on horon-poly. A more systematic
definition of gumma-ray sensitivity was made by placing
a 1 mCi Co®Y source 60 cm from the face of the detector,
oriented at normal incidence. With the threshold at
370 keV, the gomma sensitlvity is 2.7 x 107° gammas
detected/incldent gamma.

The neutron detection efficlency of the chamber has
been measured by intercepting the incident neutron beam
0. = 2,8 }) with a 95% efficlent BFj detector. The ratio
of the event rate in the different detectors gives the
detection efficiency of the Hed position-sensitive detector.
We measure this number to be 70%. Calculation (Fig. 3)
yivlds an efficiency of 32% for this wavelength. The
major part of the discrepancy between thesc values Ls
most likely due to wall effect., This effect is evident
in Fig. 10 in the slight bump to the left of the main
peak, a feature caused by the non-uniform energy loss of
those tritons that strike the chamber wall. The energy
of this bump equals the total Q-value minus the triton
energy (573 keV). The proton wall eiffect is partially
obscurced by the rising gamna backgtound. Otherwise, a
similar feature would occur at 121 keV.

We now describe the measurement of spatial resolution
vs. charge collected at the detector ancde. The electronic
contribution to the spatial resolution may be separated
from the physical contribution by varying the detector
anode voltages. We hove performed this measurement and
results are shown in Fig. 11. The abcissa is the voltage
belween cathode and anede, which determines charge gain,
The ordinate is the FWHM spatial resolution of the detec-
tor poratlel to the anode wires. Aabave 2800 volts the
spatial resolution saturates due to physical chamber pa-
rameters at 2.5 £ 0.1 mm. The higher voltages lead to
problems with background rejection as described above.
Hence, the detector is operated ot approximately 2800
volts and a spatial resolution of 3.1 £ 0.1 mm.

The contribution to the spatial resolution from the

physical path length of the reaction producte is 2.5 ¢
0.1 mm. 1In Section 3, we have calculated the physical
range to be 2,76 mm using tabulated range and energy
loss data., This agreement is quite close considering
the difficulties in calculating specific ionization at
low values of proton and triton energy.

We have measured two quantities affecting count
rate capacity of this detector, namely event resclving
time and event processing time. The former may be de-
fined as the time in which the detector is sensitive to
event pileup. Such pileup can lead to false position
calculations. The latter refers to the time in which the
system is insensitive to incoming data. Events occurring
in this time period are lost; however, the validity of
the event being analyzed is not compromised. The measured
values are, at present, 1 usec for event resolving time
and 3 ysec for event processing time. We are operating
in a conservative manner at present, and a factor of two
reduction in these times 1s wholly feasible.

Figure 12 shows a sweep of the primary neutron beam
across the detector in a direction parallel to the anode
wires., Data were taken every 1.46 cm across the detector
face at the midline of the detector. Also shown on the
same figure is true position of the beam vs. measured
position. There is a residual nonlinearity in the mea-
surement of true position vs. measured position. This
error is approximately 17 of full scale or 0.17 cm and
may easily be described by a simple quadratic function.

The detection efficiency is uniform to within 3%
across the entrance window of the detector. Any effect
here 1s caused by galn variations across the detector,
which in effect change the pulse height threshold setting
as a function of position. We have observed this effect
by gating a multichannel analyzer on spatially distinct
areas of the detector. Regions of increased gain cor-
respond to regions of increased efficiency.

Figure 13 is a contour plot of a complete two-
dimensional detector scan with the primary neutron beam.
A well collimated neutron beam was swept across the de-
tector in a regular rectilinear pattern. Each contour
represents approximately 20% of the full peak height.
The increment along the x-axis is 1.46 cm and along the
y-axls 2.54 cm. Each line in y, upon integratisg over
the peak in the y directicn, yieclds a plot similar to
that shown in Fig. 11. From this figure we may deduce
that there is no interaction between coordinates in position
determination which would possibly give rise to "barrel"
or "pincushion” distortion. Thus, the two axes are com=
pletely independent. This fact facilitates any correction
needed for the residual non-linearity left in the read-
out system. Each axis may thus be corrected independently
from the other.

Figure 14 shows scattering data (intensity vs. angle
28) from retinal rods, the light transducing system of
the eye. Delicate samples such as these are easily dam-
aged by radiation and ambient conditions. The maximum
neutron esposure time for these samples in axygenated
Ringer solution is about eight hours. Conventional single
counter systems, which scan in angle 25 point by point,
do not have the sensitivity to adequately measure the
neutron diffraction pattern from such samples. The bottom
three traces show the accumulated intensity profile of ten
frog retinas scanned by a conventional syn:em.l The second
and third tracee represent data collected in the same fash-
ion as the bottom one, but using an improved surgical and
sample mourting technique. The top trace represents data
collected from two retinas with the two-dimensional detector,



using the improved mounting technique and a smaller sample.
This data extends to larger angles, permitting analysgi
of the membrane structures to the desired resolution.

The use of a much smaller sample results in better data
with considerably less effort.
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Table I

=

Neutron-Charged Particle Reactions Suitable
for Thermal Neuwtron Detection

Reaction Thermal
Q-Yalue Lross Section
a) B 4 n—eLiTig+2.79Mev (6.1%)
Li7* o+ 2.31MeV (93.9%) 3840 + 11b
1174y +0.478 Mev
b) L1% n- B34044.786 Mev 936 % 6b
) Hed+ n~ B p+0.766 MeV 5327 & 10b
Table I1

Characteristics of
Iwo-Dimensional Position-Sensitive Detector

1. Neutron detection efficliency at
2.8 A wavelength....cvieveessaensonannssaas, 70%

2, Position resolution at V,- Vo = 2800 volts..... 3.1mm
3. Positional uniformity of detection efficiency... 3%
4, Integral linearity......oeveevevnvsseverscaness 1%
5. Differential linearity........ 0.1%/% of full scale

6. Event resolving time.....cveuseenvercensrse 1 usec

7. Event processing time......c.covevensssens. 3 uiec
8. Gamma-ray sensitivity (€o0): 2.7>|:10.6 y-detected/
incident-y

9. Sensitive Aread........c.ocseveeeenns +es  18cm x 18cm

10, Ges filling compesition 6 atmos., Hed
(absolute Pro6OUTe)....reenesass 4 atmos. A

0.5 atmos. €Oz
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FIGURE CAPTIONS

Fig. 1 a) Schematic diagram of multiwire proporticnal chamber genmetry.

b) Schematic diagram showing parameters for the electric field
calculation.

Fig. 2. Calculated detector efficiency vs. neutron wavelength for a
gas filling of 40% argon and 6C% He3 by volume at 10 atmospheres.

Fig. 3. Detection efficiency of 4 % neutrons vs. gas composition at
10 atmospheres pressure {curve A) and proton range vs. gas
composition at 10 atmospheres pressure for two gases, argon and
krypton, (curves B and C).

Fig. 4. One-dimensional spatial resolution function, D(p), under two
conditions: A, uniform ionization to a cutoff range Rp, the
proton range and B, specific ionization derived from Bragg ion-
ization curves.

Fig. 5. Electric potential as a function of y for the specific geometry
of our detector at two x-values, x = 0 and x = 0.0635 cm with
Va = 1.0 and Vc = 0.4,

Fig. 6. Block diagram of the electronics used to read the position of
a neutron capture event., Labeled values are -as follows: Ra = 100 M2,
Cy = 0.015 yF, G4y = 0.01 yF, C¢ = 50 pF, Re = 1 M), V. and V5 are
cathode and anode wvoltages.

Fig. 7. Position output vs. injected charge position om an RC line with
linearly distributed resiétances.

Fig. 8. Fast analog divider based on logarithmic-exponential conversion.

Fig. 9. Auxilliary circuits for the analog divider in Fig. 8 (linear gate,

output stage and strobe control).




Fig. 10.

Fig. 11.

Fig. 12.

Fig. 13.

Fig. 14.

FIGURE CAPTIONS (Cont'd.)

Pulse height spectrum derived from pulses summed from each

of the two ends of the detector cathode.

Measured position resolution (FWHM) vs. applied cathode to
anode potential, va-vc.

Sweep of the primary neutron beam across the detector in a
direction parallel to the anode wire. Data were taken every
1.46 cm across the detector face at the midline of the detector.
Contour plot of a complete two~dimensional detector scan with
the primary neutron beam.

Scattering data (intensity vs. angle 28) from retinal rods,
the light transducing system of the eye: the bottom three
traces are taken with conventional techniques (see text).

The top trace is taken using the position-sensitive neutron

detector.
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