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TECHNIQUES AND ANALYSES OF FAST-REACTOR NEUTRON SPECTROSCOPY WITH 
PROTON-RECOIL PROPORTIONAL COUNTERS 

by 

E.F.Bennett andT. J. Yule 

ABSTRACT 

Techniques and analyses are described for fast-neutron spectroscopy with proton-recoil 
proportional counters. Small, nonperturbing cylindrical counters filled with hydrogen or 
methane are used in an isotropic flux environment to measure degraded fission spectra in 
the energy range from 1 keV to 2 MeV. Electronic pulse-shape discrimination distin­
guishes between gamma-ray induced events and proton recoils. Correction schemes are 
employed that remove systematic errors inherent in this method of neutron spectroscopy. 
Sources of error are the nonlinear relationship between energy and ionization at low 
energies, wall-and-end distortion at higher energies, and distortion of internal field lines at 
the ends of the counter. The extent of these corrections is assessed for a representative 
fast-reactor spectrum. 

I. INTRODUCTION 

The special character of neutron-proton scattering below 
10 MeV, together with other favorable circumstances, 
makes it possible to build simple spectrometers with 
extended energy response for measurement of degraded 
fission-type neutron spectra [1—3]. Neutron-proton scat­
tering has a large, well-known elastic scattering cross 
section, which is isotropic below 10 MeV and initiates no 
reactions in the energy range of interest [4]. These charac­
teristics of n-p scattering permit one to relate in a simple 
manner the proton-recoil spectrum D(E), to the neutron 
spectrum ^ E ) : 

0(E) = 
J E dD(E) 

'NT 0(E) dE ' (I) 

where a(E) is the n-p scattering cross section and NT is the 
product of the hydrogen atom number in the effective 
counter volume by the time duration of the measurement. 

It is fortunate that hydrogen gas is a suitable proportional-
counter filling. In proportional counters the gas multiplica­
tion process is almost noiseless and with care to minimize 
space-charge saturation is linear. One can produce a pulse 
proportional to ionization, even for a single ion pair created 
in the gas [5]. Thus, even low-energy elastically scattered 
proton recoils can be detected with good resolution. 
Moreover, the ratio between energy loss and ionization. W, 
is remarkably insensitive to the proton energy for protons 
stopping in hydrogen gas. The onset of any detectable W 
variation is well below lOkeV, and no more than about a 
10% change in W occurs down to 1 keV [6]. Thus, it is 
straightforward to relate the proton-recoil ionization to 

energy over an extensive energy range. 
The physical bases for proton recoil spectrometers, both 

in gaseous electronics and in an understanding of features 
of n-p scattering, have been well known for a long time [7]. 
Initial applications of this method were directed toward use 
of proportional counters as flux monitors. The work of 
Ref. 8, for example, describes studies of the response of 
counters to monoenergetic neutrons and compares this 
response to a calculated one which takes into account 
wall-and»end distortion. 

It is hardly surprising that these detectors have been of 
limited value in accelerator experiments—the inherent time 
jitter is too large (>50 nsec) to be satisfactory for timing 
purposes. Also, it is difficult to make an efficient detector, 
since the maximum pressure is limited by contaminants in 
the gas and high-voltage requirements. 

Another obstacle to the use of proton-recoil counters as 
neutron spectrometers can be traced to the limitations of 
available electronics prior to the introduction of computers. 
Classical pulse-height analyzers available since the early 
1950's were most effectively used with a reaction that 
linearly relates neutron energy to pulse height, such as the 
familiar ^He(n,p)t reaction [9]. Here, a pulse-height spec­
trum leads directly to the neutron spectrum. The proton-
recoil reaction, on the other hand, requires that the 
measured result be differentiated. This is easily accom­
plished with a computer but cumbersome to perform 
"long hand." Probably, more than any other factor, the 
introduction of computers has made it feasible to consider 
proton-recoil proportional counters for certain neutron-
spectroscopy applications with due allowance for inherent 
limitations in these counters. 



The early applications of proton-recoil proportional 
counters to neutron spectroscopy had a limited low-energy 
range. Gamma fluxes, which invariably accompany neu­
trons, introduce sufficient ionization in the lower-energy 
region to mask clear identification of the proton-recoil 
distribution in this range. The initial approach to the 
problem of gamma-induced background was to reduce gas 
pressure. As the pressure is decreased, the maximum 
ionization a fast electron can create as it traverses the 
counter decreases. Recoil protons of ionization above this 
limit can be safely counted. The difficulty with the 
extension of this approach to very low energies is that a 
reduction to pressures too low to be practical for propor­
tional counting occurs. (Stable detection at high gain 
requires a minimal ultraviolet quenching cross section and 
therefore an adequate gas pressure.) The practical energy 
limit for low-pressure hydrogen counters used for neutron 
spectroscopy appears to be about 20 keV. In addition to 
loss of response at low energies, low-pressure counters with 
little stopping power will also be severely limited at high 
energy by wall-and-end effects in which proton-recoil 
events with substantial range leave the effective counting 
volume before stopping. The simple relationship between 
proton energy and ionization breaks down. Pulse-shape 
discrimination, in which events of low and high specific 
ionization are recognized electronically and separated, 
affords a way of distinguishing proton-recoil events from 
gamma-induced, fast-electron events without compromising 
pressure [10]. The technique is simple. Low-energy 
proton-recoil tracks with small spatial extension induce a 
pulse whose initial rate of rise is substantially greater than 
that for a track of large spatial extension which contains 
the same total number of ion pairs. An example of this 
shape-discrimination effect is seen in Fig. 1. The distribu­
tion shown is of the ratio of initial rise to fully integrated 
amplitude for proton recoils and gamma-induced electron 
events that create the same given ionization. That part of 
the distribution shown to the left, which was produced by 
fast electron pulses with low rate of rise, is clearly separable 
from that part of the distribution to the right, which was 
produced by proton-recoil pulses with high rate of rise. The 
distribution from a pure gamma source is also shown in 
Fig. 1 and it, of course, does not exhibit the fast-rising 
component. 

In any radiation environment in which all the ionizing 
events can be counted and the relative number of gamma-
induced events to neutron-induced events is not inordi­
nately high, shape discrimination can be used to extend the 
low-energy response to a kilovolt or less. Equally impor­
tant, the best results are obtained by operating a counter of 
given size at as high a gas pressure as is consistent with good 
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Fig. 1. Specific Ionization Spectrum Illustrating Gamma-
Neutron Shape Discrimination in Proportional Counter. ANL 
Neg. No. 113-16. 

energy resolution. This follows since the gamma sensitivity 
is proportional to the counter wall-and-end area, whereas 
neutron sensitivity is proportional to the pressure. Not only 
is the neutron-to-gamma ratio improved at higher pressures, 
but the onset of wall-and-end truncation is deferred. 

While a hydrogen-gas-filled counter with gamma-ray 
discrimination works well down to low energies of the 
order of 1 keV, its useful high-energy limit is a few hundred 
keV. It is necessary to use a gas filling with higher stopping 
power to extend the energy range to a few MeV. Methane is 
used to obtain increased containment. More complicated 
hydrocarbon gases liquify at too low a pressure to be 
useful. Methane counters using gamma-ray discrimination 
have a low-energy limit of about 100 keV, below which 
carbon recoils from elastic scattering of neutrons on carbon 
compromise the usefulness of methane as a filling gas. 

Both the hydrogen-filled and methane-filled counters 
contain a small amount of nitrogen gas, which permits 
energy calibration. Placing the counters in a thermal flux 
and observing the 585-keV protons from the "'N(n,p)"'C 
reaction permit an absolute relationship between pulse 
height and proton energy to be established. 

An attractive feature of the technique of using proton-
recoil counters for neutron spectroscopy is fiexibility in 
size and efficiency. Where circumstances permit, cylinders 
of large length and diameter may be used to increase 
efficiency. On the other hand, rather small detectors work 
quite well; a 1-cm-dia hydrogen-filled counter has been used 
for in-core neutron spectroscopy. The structural material 
required is minimal, and the macroscopic scattering of the 
whole detector can easily be reduced to the point where no 
significant perturbation of an incident neutron flux occurs. 



II. DETECTORS 

A. CONSTRUCTION 

Figure 2 shows the construction details of the hydrogen-
and methane-filled detectors used for in-core spectroscopy 
measurements. The methane-filled detector is the larger 
one. Detector bodies are of thin-walled stainless steel and 
anodes are of fine stainless steel wire. Field tubes are used 
to define the sensitive volume of the detector. The 
detectors shown in Fig. 2 are rather small with a corre­
spondingly short internal effective length. It is somewhat 
easier to build larger detectors. They permit better separa­
tion between gamma-induced events and proton recoils and 
reduced influence of distortion introduced by the end 
regions. Detectors with diameters as large as 5 cm and with 
effective lengths as long as several meters have been used 
for some special tests and measurements [ I I ] . Some of the 
intermediate-size detectors are described in later sections, 
where tests made with these detectors are discussed. The 
smaller detectors are, however, necessary for compatibility 
with the requirements of counting inside large plutonium-
fueled fast reactors. Invariably, spontaneous fission neu­
trons from '̂̂ '̂ Pu in the fuel will provide a high-neutron-
flux environment inside the cores, even for far subcritical 
operation. To approach reasonably near (k > 0.98) critical 
and still maintain the total event rate within acceptable 
limits (less than 20,000 counts per second), small chambers 
must be used. A buffer gas cannot be used to desensitize 
the counters, since the neutron-to-gamma ratio would then 
become unacceptable. 

Both detectors shown in Fig. 2 were filled to as high a 
pressure as possible before the resolution began to worsen 
from electron capture by contaminants in the gas—notably 

METHANE COUNTER 

=oE 
--j 1.59 |— 3.17 —] 1.59 [— 

HYDROGEN COUNTER 

<jm=i^ 

DIMENSIONS IN CENTIMETERS 

Fig. 2. Proton-recoil Proportional Counters for Use 
in Fast Reactors. Anodes are 9 M in radius, and the 
field tubes 64 ju in radius. ANL Neg. No. 116-28. 

oxygen and water vapor. Using tank methane and hydrogen 
without provision for baking or for cold traps, about 
10 atm of predominantly hydrogen gas could be put in the 
smaller counter and about 8 atm of predominantly methane 
gas in the larger counter before the resolution exceeded 
10%. Note that, to first approximation, if the gain is kept 
constant, the resolution is unchanged for a given product of 
pressure times counter diameter. Since the figure of merit 
for containment of recoils is proportional to this product, 
going to larger counters will not significantly change the 
high-energy limit. 

B. OPERA TING RANGE 

Proper operation of proportional counters is only 
attained at intermediate values of gas multiplication. 
Ionization created in an end region over field tubes may 
contribute events of significant amplitude relative to events 
over the normal anode unless the multiplication over the 
anode is substantially greater than unity. The acceptable 
value of multiplication depends upon the spectrum of 
events and the energy region under observation. It is usually 
not desirable to operate at an anode gas multiplication 
much less than about 10; the field tube must be sufficiently 
larger than the anode to preclude any multiplication upon 
it over the working voltage range. 

Space-charge saturation, on the other hand, will preclude 
an excessively high multiplication since the attendant 
nonlinear relationship between ionization and energy de­
grades the quality of spectra. The onset of nonlinearities 
relating ,to space charge is not easily recognized and 
conservative operating multiplication limits for a given type 
of detector should be established before its use. One 
sensitive method of testing is by observation of spectra 
following successive complementary changes in voltage (gas 
gain) and amplifier gain-these altered so as to maintain a 
fixed energy region under surveillance. (Methods of deter­
mining the gas gain are considered in Sec. V.) Ordinarily it 
will not be possible to operate at gas gains sufficiently high 
that electronics noise will be completely negligible, and a 
high premium must be placed on low-noise preamplifiers 
for proportional counter spectroscopy. Thus, in practice, 
one has a limited range of suitable gas multiplications for 
viewing a particular proton-recoil energy range. Table I 
contains the voltage settings with the corresponding gas 
gains and ionization per channel used in a typical meas­
urement of the proton-recoil distribution from 0.5 keV to 
3 MeV. Data are only used from channel 29 to channel 128, 
which is full scale. Below channel 29 broadening by 
electronic noise becomes comparable to counter resolution 
and gamma discrimination becomes more difficult. Data are 
only taken to about 150 keV with the hydrogen counter. 
Problems associated with the use of a hydrogen counter 



TABLE I. Voltage. Gas Gain, and Ionization per Channel 
Used in Measuring Proton-recoil Distributions 

from About 0.5 keV to 3 MeV 

Voltage 

32SO-Methane 

3550 

3750 
3350-Hydrogen 

3650 

3950 

4250 

4500 

Gas Gain 

0.893E0i 

0.172E02 

0.28SE 02 

0.326E 02 

0.868E 02 

0.2S4E03 

0.804E 03 

0.224E 04 

lonizalion/Channel, 
keV/channel 

0.2 37E 02 

0.I23E 02 

0.372E01 

0.1 30E 01 

0.488E 00 

0.167E 00 

0.527E-OI 

0.189E-01 

when the track length becomes long introduce this rather 
low high-energy limit (see Sec. V). Gamma discrimination is 
used for all the hydrogen-filled-counter voltage settings and 
for the highest methane-filled-counter setting. 

C. REDUCTION OF BACKGROUND ELECTRON 
RESPONSE 

A counter set to view the low-energy region of the 
proton-recoil distribution responds readily to fast electrons 
traversing the tube. If pulse-shape discrimination against 
electron background is to be successful, the relative number 
of proton-recoil events to fast-electron events must be 
favorable. Measurements near alpha emitters may have an 

especially high background, independent of the neutron 
level. Alpha decay in fertile and fissile isotopes will produce 
a very strong photon and electron component resulting 
from deexcitation of decay-product nuclei and probably to 
a lesser extent from ionization during stopping of the 
alpha particles. Most of this component is readily absorbed 
in the material itself, but a substantial surface emission will 
nevertheless exist. 

To estimate the magnitude of this background a simple 
shielding experiment was done. Successively thicker sleeves 
of gold or lead were wrapped around a stainless steel 
hydrogen-filled counter with 0.4-mm walls. The counter 
was placed in a block of depleted uranium and set to 
register all events in excess of 0.5 keV. The results are 
shown in Table II. By interpolation, it is seen that only 
0.25 mm of lead will significantly reduce this background. 
Lead shielding, to this extent, will have no observable effect 
on the neutron spectrum and is recommended in any 
experience in which chambers are placed near uranium or 
plutonium metal. 

TABLE II. Effectiveness of Various Shielding in 
Reducing Background Electron Response 

Detection Rate, 
counts/min 

None 

0.05-mm gold 
333,000 

97,000 

Detection Rate, 
counts/tnin 

0.10-mm lead 

O.S-mm lead 

53,000 

44,000 



III. ELECTRONICS SYSTEM 

A. AMPLIFIER SYSTEM 

One problem immediately encountered in measuring 
neutron spectra with proportional counters is that the 
electronics system must operate satisfactorily under severe 
amplifier overloads. When the proton spectra are being 
recorded in the low-keV range with the counter voltage set 
at high gas multiplication, protons with several MeV of 
energy are creating large overloads. These overloads should 
not be allowed to cause saturation in the preamplifier and 
should be handled appropriately by the slow ionization 
amplifier, such that at moderate count rates undistorted 
spectra can be obtained. 

A block diagram of the amplifier system is shown in 
Fig. 3. The preamplifier, besides not saturating under heavy 
overloads, must have a moderately fast rise time and low 
noise. A rise time less than 15 nsec is adequate, since 
diffusion of the electron bunch makes using time constants 
of less than 20 nsec meaningless, even for a fast gas like 
methane. At shorter time constants, the separation of 
proton-recoils and gamma-induced electrons does not im­
prove, while the resolution of the peaks worsens because of 
increased noise. A charge-sensitive preamplifier specifically 
designed for proton-recoil proportional counting is 
used [12,13]. The preamplifier may be operated with gas 
amplifications greater than 3000 without saturating. The 
output pulse from this preamplifier decays with a single 
time constant of 250 jUsec. 

The slow side of the amplifier system, which produces a 
pulse whose height is proportional to the ionization, 
consists of a pole-zero-compensated linear amplifier, a 
base-line restorer, and an inverter amplifier. Preamplifier 
noise dominates the noise in the slow channel, the noise 
from the shaping amplifier is negligible. The amplifier must 
be able to rapidly recover from lOOOX overloads. Because 
of the shape of the collection profile, it is not obvious 

whether using unipolar or bipolar pulse shaping is superior 
in high-count-rate applications. The shape of the pulse for a 
point event is given by [14] 

P(t) = f In 
2VKt 
In (b/a) + 1 (2) 

until P = -e/C, at which time all charge is collected. Here, e 
is the charge of the electron, C the input capacitance of the 
counter-preamplifier combination, V the voltage on the 
counter, K the positive-ion mobility, and a and b the radii 
of the anode and cathode, respectively. A sketch of the 
pulse profile is shown in Fig. 4A. The slow component of 
the pulse persists until positive ion collection. The time 
scale is chosen so that one unit corresponds to complete 
collection. For a hydrogen-filled counter, complete collec­
tion can take several milliseconds. Using reasonable time 
constants of a few microseconds in the amplifier, a sizable 
pedestal results for large overloads with unipolar pulse 
shaping, as shown in Fig. 4B. This pedestal may be 
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Fig. 3. Block Diagram of Amplifier System Used for Neutron 
Spectroscopy with Proton-recoil Proportional Counters. ANL Neg. 
No. 116-316. 

Fig. 4. Pulse Profiles, (a) Pulse profile at input of preamplifier; 
(b) overload profile at output of slow amplifier without pole zero 
correction for undershoot. ANL Neg. No. 116-315 Rev. 1. 



removed, so that reasonable count-rate capability can be 
obtained, by using the pole-zero correction adjusted so that 
a slight negative undershoot is observed that just exceeds 
the amplitude of the pedestal 113]. The pulse is then 
restored by using a fast-restoring base-line restorer. In the 
bipolar mode, the pedestal is strongly attenuated and the dc 
restorer is not used. For both the unipolar and the bipolar 
mode, time constants of 2.4jusec are used. The inverter 
amplifier inverts the pulse and for the bipolar pulses clips 
the second node to be compatible with the pulse selector 
and linear gate, which are described in Sec. B below. 

The fast side of the amplifier system, which produces a 
pulse whose height is proportional to the rise time of the 
pulse from the preamplifier, consists of a fast linear 
amplifier, a fast stretcher, and an inverter amplifier. The 
fast-amplifier system must have pulse-shaping constants in 
the 20- to 100-nsec range for proton-recoil spectroscopy. A 
fast amplifier with RC integration and differentiation is 
used for fast-pulse shaping. The amplifier was designed for 
timing with Ge(Li) detectors, surface barrier detectors, or 
photomultipliers. The pulse stretcher and inverter condition 
the pulse for the linear gate. 

B. LOGIC SYSTEM 

A block diagram of the logic system is shown in Fig. 5. 
The heart of the logic system is the pulse selector (15,16), 
which determines whether the slow-channel pulse is an 
acceptable data pulse and. if so, allows it along with the 
corresponding fast pulse to be analyzed by the analog-to-

digital converters (ADCs). A number of requirements 
must be met before the pulse is regarded as accep­
table. The pulse must be within a window set by 
an upper-level and a lower-level discriminator. The ADC-
computer combination must not be busy. The pulse 
must be a data pulse and not a pulser pulse. Pulser 
pulses are used for live timing. The timer must be 
on. The base line must have been down for a set 
period of time. This function is performed by a base­
line discriminator and a paralysis circuit. For a given 
pulse or combination of overlapping pulses, the length 
of time the base-line discriminator is exceeded is de­
termined. This time may be referred to as the pulse 
width. The pulse selector will deem unacceptable any 
pulse that comes within a preset number of pulse 
widths of a previous pulse. The preset number of dead 
widths may be 1, 2, or 3. The logic outputs from 
the pulse selector are: one that indicates that the base­
line discriminator has been exceeded-BLD; one that 
indicates the pulse is an acceptable data pulse-PSO.TAG; 
and one that indicates that the pulse is an acceptable 
pulser pulse-PSO.TAG. An acceptable pulser pulse must 
meet all the requirements that an acceptable data pulse must 
meet. A test pulser pulse is distinguished from a data pulse 
at the pulse selector by a coincident tag pulse-TAG. 

The pulse selector also contains an option for pileup 
rejection. The pileup rejection circuit differentiates the 
pulse with a short time constant and checks to see that the 
zero crossing of the pulse appears at the proper time with 
respect to the time mark generated by the differentiation. 
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We have chosen not to use the option in two-parameter 
analysis for two reasons. First, the two-parameter analysis 
already contains a fast differentiation, whose magnitude is 
stored with the pulse height. If a proton pulse is distorted 
because of pileup, the division of the fast pulse height by 
the slow pulse height for a given slow pulse height will be 
such that the event will appear to be a gamma-ray-induced 
event and not be counted as a proton recoil. Second, the 
large range of rise times for pulses from a hydrogen counter 
(where electron drift velocities are low) are such that if the 
pileup sensor is to be effective for detecting proton-event 
pileup, some legitimate single gamma-ray-induced events 
will appear to be pileup events and thus rejected. The shape 
of the peak of the gamma-ray-induced events will depend 
on the count rate. An uncertainty results when one makes a 
background subtraction using background generated at 
some different count rate, because the backgrounds will not 
match. There are ways around this problem by employing 
additional circuits, but unless one wants to increase the 
count rates far in excess of 20.000 counts/sec. such 
measures are not called for. However, when gamma-ray 
discrimination is not being employed, pileup rejection may 
be effective in limiting distortion. Care must be taken not 
to set the pileup rejection for too short a pulse width, since 
even in a fast gas like methane, long track lengths along the 
diameter have a considerably different rise time than tracks 
along the axis. 

The linear gates delay and stretch the pulses from the 
slow and fast sides of the system and allow the pulses to be 
strobed through to the ADCs, only if the appropriate 
PSO.TAG logic pulses are present. Scalers record BLD and 
PSO.TAG. 

C. COUNTING-LOSS DETERMINATION 

Because of the presence of the pulse selector, it is not 
possible to determine counting losses by simply monitoring 
the amount of time that the ADC-computer combination is 
busy [16]. The whole system must be taken into account. 
Pulses from a test pulser operating at a fixed rate (60 per 
sec) are presented to the input of the preamplifier. A tag 
pulse is also generated to identify pulser pulses. The test 
pulse must meet all the requirements of an undistorted data 
pulse and be accompanied by a tag to have the pulse 
selector generate a PSO.TAG pulse. The live time of the 
system is simply 

PSO.TAG 
Live Time = Real Time - TAG 

(3) 

where Real Time is determined from the timer, TAG is the 
number of test pulses generated during this time, and 
PSO.TAG is the number of acceptable pulser pulses. Such a 
live-timing system is only suitable for constant count 
rates [16]. 

Such a counting-loss determination system may be 

applied as a rapid method of determining distortion as a 
function of count rate. In this mode one allows only pulser 
pulses to be analyzed in the presence of counter-generated 
pulses. PSO.TAG is used to strobe the linear gates and 
ADCs instead of PSO.TAG. The resulting distribution of 
pulser pulses indicates the extent of distortion. Results of 
such tests are considered in Sec. IV.B. 

D. STORAGE OF INFORMATION 

The ADCs* are interfaced to a Varian Data Machines** 
622 computer [17,18]. There are two proton-recoil spec­
troscopy systems in operation at Argonne, Illinois: one 
with a discrete-component 622A computer, and one with 
an integrated-circuit 622/i computer. The computers have 
an 8k memory and an 18-bit word length and are identical 
in speed and instruction repertoire. 

Analog-to-digital conversion is performed at a 40 MHz 
digitizing rate. Both the fast and slow pulses are converted 
to 512 channels. Analyzer dead time per event is approxi­
mately 3 + 0.025N A ŝec, where N is the channel number 
of the larger analyzed input. Once encoding begins until a 
RESET signal is received, the ADCs present a BUSY signal 
to the pulse selector. 

After the encoding process is complete, a STORE signal 
is sent to the computer interface, indicating that data are 
ready for transfer to the computer. The STORE signal and 
the two nine-bit codes remain until accepted by the 
computer. 

Data are transferred into the computer in a series of 
operations. The computer transmits a code to the interface 
to test whether a STORE signal has been sent by the ADCs. 
The time ^or one cycle in the loop is7,8/Lisec. If a STORE 
signal is present, a true code is returned to the computer. A 
code containing the ADC to be read is sent, and data are 
returned to the computer and placed in one of the 
operational registers. The time required for the transfer of 
data from each ADC to a register is 3.8 /isec. The total time 
for the transfer of two words to two registers from the 
beginning of the sense operation is 11.2 Msec. After the 
second data word is read into the computer, a RESET 
signal is sent to the ADCs to remove the STORE command 
and to reset the address scalers and all logic circuits so that 
another input can be accepted for analysis. 

After the words have been placed in the registers, some 
preliminary operations are performed and the data stored 
before returning to the sensing cycle for further data 
transfer. The ratio of the fast-to-slow pulse height is 
formed, i.e., the radial specific ionization of the event. This 
ratio is scaled to 32 channels, and the ionization data are 
scaled to 100 channels. Checks are made that the ratio and 

•Northern Scientific Model NS-625, Northern Scientif ic, 255 1 West 
Beltine, P.O. Box 66, Middieton, Wisconsin. 
**Varian Data Machines, 2722 Michelson Drive, Irvine, California. 



ionization are within preset bounds. The data are then stored 
in a 100 X 32-channel array. The time required for the prelim­
inary data reduction and storage is approximately 1 lO^sec, 

The stored array may be output from the computer in a 
number of ways. For a given ionization, one may display 
counts versus specific radial ionization on an oscilloscope. 
Figure 6 contains a representation of such an output. The 
region at high values of the specific radial ionization 
corresponds to proton-recoil events and at low values to 
electrons. The whole array may be punched on paper tape 
or printed on a teletype. 

Some data reduction and analysis can also be performed 
with the computer. The analysis and corresponding codes 
are discussed later. As is evident from Fig. 6, the distribu­
tion of gamma-ray events is quite broad and thus some 
form of background subtraction is necessary. The shape of 
the spectrum may be approximated by out-of-reactor 
gamma fields. Using a suitable gamma background, correc­
tions can be made for the projection of the gamma-ray-
induced event tail under the proton-recoil peak. For a given 

voltage the integrated proton-recoil number is determined 
and printed or punched for each of the 100 energy channels. 

8 12 16 20 24 28 32 
SPECIFIC RADIAL IONIZATION, orbitrary units 

Fig. 6. Typical Specific Ionizat ion Spec t rum ANL Neit 
No. 113-848 Rev. 1. **" 



IV. TESTING THE ELECTRONICS SYSTEM 

A. STATIC TESTS OF SYSTEM 

Certain static tests were made of the system to test the 
integral and differential linearity of the system. The integral 
linearity was checked by varying the pulse height from a 
test pulser. The differential linearity was checked by using a 
ramp generator as the voltage reference for the test pulser. 
Although a system may show the proper degree of 
differential and integral linearity under the static condition, 
tests must also be performed with various count-rate and 
overload conditions. 

B. DYNAMIC TEST-PULSER TEST OF SYSTEM 

The count-rate capability of the system was checked 
using the test pulser method described in Sec. A above. A 
2.54-cm-dia counter with a 16.5-cm sensitive length filled 
with 5.4 atm of predominantly hydrogen gas was placed 
13 cm from the graphite-uranium interface of the Snell 
block [19]. The spectrum in this position is quite hard, and 
the long sensitive length of the counter means that proton 
recoils of several MeV can be stopped in the counter. The 
counter was operated at 4400 V, which corresponds to a 
gas gain of about 3300. The electronics were such that 
full-scale ionization would be a few keV. This represents 
about the most unfavorable condition with respect to 
severe overloads. The undistorted pulse-height distribution, 
i.e., no voltage on the counter, is shown in Fig. 7. The 
effect of various pulse-shaping and dead-width combina­
tions at a dead-time-corrected, base-line-discriminator rate 
of 22,000 counts/sec are shown in Figs. 8-11. Note that the 
ordinate is a logarithmic scale. The cleanest peak is 
obtained with unipolar shaping using the base-line restorer 
and a dead-width setting of 3 pulse widths, as shown in 
Fig. 8. Figure 9 indicates that when the dead-width setting 
is reduced to 1, unacceptable distortion occurs. There is 
some fast undershoot associated with the large overloads 
that the base line restorer is not able to smooth out. 
Figure 10 indicates the effect of using bipolar pulse shaping 
and a dead-width setting of 3. The pulse width is that 
associated with only the first node of the bipolar pulse. The 
amount of distortion is acceptable—only about 3% of the 
counts fall in channels less than 90 and greater than 100. 
Figure 11 shows the effect of using unipolar pulse shaping 
and a dead-width setting of 2. When unipolar pulse shaping 
and bipolar pulse shaping are compared, it is most useful to 
consider Figs. 10 and 11. The pulse width times the 
dead-width settings are approximately equal for the two 
cases—only the width of the first node is taken for the 
bipolar pulse. It is seen that unipolar shaping produces 
slightly less of a low-energy tail, whereas there is no 
difference in the high-energy tails. For a given live time, the 
unipolar and bipolar modes are almost equivalent. 
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Fig. 7. Pulser Pulse-iieiglit Spectrum Using Unipolar Pulse 
Shaping and a Preset Dead Width of 3 with Zero Counter 
Voltage. ANL Neg. No. 116-310. 

The system was also checked for differential linearity in 
the various modes by using a ramp generator as the voltage 
reference for the test pulser. The 2.54-cm-dia hydrogen 
counter at 4400 V was used. 

C GAMMA-SPECTRUM TESTING OF SYSTEM 

Tests of the electronic system were also made by looking 
at the recoil electrons from the wall of the counter when a 



cesium gamma source was placed near the counter. Various 
voltage and count-rate combinations were investigated. 
Instead of a two-parameter analysis, one parameter was 
used. The interest was in the recoil-electron distribution. 
There were no neutrons present. Such tests permit the 
determination of the quality of overlap of adjacent voltage 
settings without the uncertainty of background subtraction 
that is present in a typical proton-recoil measurement, 
where gamma-ray-induced background will always be pres­
ent. These tests offer some advantage over pulser testing 
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Fig. 8. Pulser Pulse-height Spectrum Using Unipolar Pulse 
Shaping and a Preset Dead Width of 3 in the Presence of 
22,000 counts/sec from a Hydrogen-filled Counte r . ANL Neg. 
No. 116-312. 

Fig. 10. Pulser Pulse-height Spec t rum Using Bipolar 
Pulse Shaping and a Preset Dead Width of 3 in the 
Presence of 22 ,000 counts /sec from a Hydrogen-filled 
Counte r . ANL Neg. No. 116-311 . 
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PULSE HEIGHT 

Fig. I I . Pulser Pulse-height Spectrum Using 
Unipolar Pulse Shaping and a Preset Dead Width 
of 2 in the Presence of 22,000 counts/sec from 
aHydrogen-filledCounter.ANLNeg. No. 116-313. 

because one is looking at legitimate counter pulses with 
their variety of profiles. However, these tests are dependent 
on relative calibration data for the various voltages. (The 
accuracy of calibration data are discussed in Sec. V below.) 
Good overlap was realized for the various voltages in the 
tests, indicating that probably no systematic errors were 
being overlooked. 

An undue emphasis may appear to have been placed in 
detaihng the types and quality of the tests performed. 
Nevertheless, the tests proved essential in determining the 
quality of the electronic system. About two years ago a 
solid-state, voltage-sensitive preamplifier passed all the 
static tests described above, as well as the dynamic tests 
with the test pulser. However, all data taken with this 
preamplifier showed differences of a few percent in overlap 
of data taken at different voltages. Only after careful tests 
with the gamma-spectrum method were made could the 
overlap difficulty be attributed to a small differential 
nonlinearity for proportional-counter pulse profiles. The 
preamplifier was subsequently replaced with the one 
described above. 



V RELATIONSHIP BETWEEN PULSE HEIGHT AND 
IONIZATION AS A FUNCTION OF VOLTAGE 

In the next two sections the relationsliip between pulse 
height and proton-recoil energy is discussed. The measured 
distribution is one of a number of events per unit pulse 
height and must be transformed to one of a number of 
events per unit energy. If one has an accelerator that can 
provide monoenergetic neutrons over the full range of 
interest, it is possible, in principle, to determine the 
relationship between pulse height and energy. However, if 
measurements are to be made in the energy region of less 
than tens of keV, an accelerator cannot provide suitable 
low-energy neutrons for a determination of this relation­
ship. It is also inconvenient to have to use an accelerator 
every time there , is a change in detector parameters to 
recalibrate the detector. 

The problem of relating pulse height to energy can be 
meaningfully divided into two parts: the first part of the 
problem is to determine the relationship between pulse 
height and ionization created by the proton recoil as a 
function of voltage; the second part is to determine the 
relationship between ionization created by the proton 
recoil and its energy. This division of the problem is 
attractive because the first part depends on the properties 
of the counter such as the anode size and pressure, whereas 
the second part depends only on the intrinsic properties of 
the gas. In solving the first part of the problem, gas gain as a 
function of voltage is obtained. Knowledge of this relation­
ship is necessary for the determination of the electric field 
response functions (see Sec. VII). In this section we 
consider the first part of the problem. 

A. PULSE HEIGHT AND GAS GAIN 

It is usually assumed that the pulse height is propor­
tional to the product of ionization created by the proton 
recoil times the gas gain. If the gas gain as a function of 
voltage IS determined, the first part of the problem is 
solved. Before methods of determining the gas gain as a 
tunction of voltage are outlined, factors that can cause the 
above assumption to be violated are considered. One such 
actor IS space-charge saturation. If space-charge saturation 

lol a I'on I f ° " • ' ' ™ ° " " ' '"^ d-s.nbut,on of funcCofvoir^''''r''°" ^'*°"^'^s-8-"-^ 
heighrfor a ! ™ ' ' ' "~^""'^'^ ^ " ° * " - 'he pulse 

gradual. An att 1 0 ^ * ° / P ^ ^ - ^ ^ g e effects is rather 

m u U . p , i c a t ^ : " : X . f o r "^"^ ' ° "^" '"^ ^' ^ ' ^ 
Sec. U.B). One n r f ™ ' " ™ - f " ' - " s permit (see 
obse-ving the pulse-h Lh, . . ''v,'"'*''^'^ saturation by • 
'" gas gain and a m S , ' K ' " . " ' ' °"™'"8 ^^anges 
P*e-he,gb. d i s t r r , o n ' C I ^ i f i c ^ r ' " " ' " ^ " ^ *^ 

^ significant space-charge ef­

fects will induce systematic differences between the 
distributions. 

There is another effect associated with the distribution 
of initial ionization which may lead to a breakdown in the 
above assumption. Although the initial rise time of the 
pulse from a point event is very rapid (see Sec. 111.A), the 
time needed for all the ionization in a track to reach the 
multiplication region near the anode is reflected in the 
pulse shape. If the amplifier integrating time constants are 
not adequately long, a smaller fraction of the pulse from 
the long-track-tength event will be integrated than from a 
short-track-length event. This problem may become serious 
for a counter filled with a slow gas like hydrogen. One is 
forced to use somewhat shorter time constants than 
desirable if a reasonable count-rate capability is to be 
maintained. This effect has been seen in the pulse-height 
distributions from hydrogen counters for events above a 
few hundred keV - an energy region at which the track 
length begins to become significant. Data from the 
hydrogen-filled counter above a few hundred keV are not 
used in constructing the full proton-recoil distribution. If it 
is not necessary to count at high rates, or if a gated 
integrator is used, adequate time constants can be used to 
eliminate this source of difficulty. This effect became 
apparent from a systematic bias noted in the energy scale of 
sliort-track-length events when the long-track-length pro­
tons from the '^N(n,p)''*C reaction (the use for calibration 
is described in Sec. B below) was used to determine the 
energy calibration. 

Another effect which can also cause tlte violation of the 
above assumption is introduced by excessive amounts of 
contaminants in the gas. The average distance that an 
undistorted track-one that has not been truncated by a 
collision with the walls-has to travel to reach the anode 
becomes shorter as the track length becomes longer. Long 
tracks far from the anode are likely to become distorted. 
The average number of collisions that electrons in long 
tracks suffer on their way to the anode with electron-
attaching contaminants decreases as the track length in­
creases. High-energy recoils will have a higher fraction of 
their ionization reach the multiplication region than low-
energy recoils. In Sec. IX (see Fig. 34), a representative 
tast-reactor spectrum measured with the methane- and 
hydrogen-filled counters described previously is compared 
with a calculated spectrum. The part of the neutron 
spectrum derived from the methane-filled counter seems to 
indicate this behavior. The evidence is that neutron spectra 
measured with better resolution counters, i.e., ones with 
fewer contaminants, seem to indicate less of a disagreement 
between the measured and calculated neutron-scattering 
resonance structure. 

Bearing in mind that the above difficulties may destroy 
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Ihe simple relationship between pulse height and ionization 
created by the proton recoil inferred from gas-gain-versus-
voltage considerations alone, we now consider the relation­
ship between gas gain A and counter voltage. 

No simple prescription of general validity has been 
completely successful in relating gas gain A to counter 
vohage, although several of those proposed are adequate for 
use over a limited range of parameters. A prescription that 
appears to provide an adequate fit to measured values of 
multiplication as a function of voltage over a larger voltage 
range than the "Diethorn" prescription |20l is 

TABLE 111. Measured and Fi t ted Gain 
as a Funct ion of Voltage 

log A ^ 
VO 

C1*V-I-C2. (4) 

The power factor Q, as well as the slope CI and intercept 
C2, are derived by a least-squares fitting procedure. A 
simple program to derive values for Q, CI and C2 is 
included in Appendix A. No physical significance whatso­
ever is attached to the prescription of Eq. 4; it is merely a 
way of parameterizing (with the use of only three numbers) 
a measured gain-voltage relationship. 

B. PEAK-PULSE-AMPLITUDE CALIBRATION 

This section and Sec. C below describes two methods for 
determining gas gain as a function of voltage. The first 
method is based on the observation of the shift in the peak 
pulse amplitude from monoionizating events in the counter 
gas as a function of voltage. A small amount of nitrogen gas 
is included in a normal counter-filling mixture. The 
pulse-height distribution of the ' ' 'N(n,p)"'C reaction on 
exposure of the counter to thermal neutrons is observed as 
a function of voltage. The proton has an energy of 
585 keV. However, the ionization from the carbon recoil is 
simultaneously collected with that of the proton. The 
equivalent energy of the combination, as determined by 
comparison with accelerator neutrons, is 615 keV with an 
uncertainty of about 1%. The peak amplitude may be 
followed up to gas gains at which space-charge effects begin 
to distort the distribution. The electron collection at this 
point will usually be in the neighborhood of 10^ electrons, 
and one cannot proceed higher. By including a small 
amount of " A r (2.8-keV j3 emitter), one may extend the 
calibration to higher voltages before space-charge limita­
tions appear. A sufficient region of voltage overlap using 
these two sources exists to allow a normalization to be 
made. 

Ajoint argon-nitrogen calibration over the voltage region 
from 2800 to 4600 V is listed in Table III. The chamber 
was filled with a mixture consisting of 0.03 atm of both 
nitrogen and methane to a total pressure of 5.4 atm of 
hydrogen. The counter anode and cathode diameters were 
0.00254 and 2.54 cm. respectively. Also shown in the table 
are values for A derived by use of Eq. 4, where values for Q, 

Voltage 

2800 
2900 
3000 
3100 
3200 
3 300 
3400 
3500 
3600 
3700 
3800 
3850 
3900 
3950 
3800 
3850 
3900 
3950 
4 0 0 0 
4 0 5 0 
4 1 0 0 
4 1 5 0 
4 2 0 0 
4 3 0 0 
4400 
4 5 0 0 
4 6 0 0 

Measured 
Multiplicati»jn^ 

n . 8 0 t ' 
23.15 
30.27 
40 .60 
54 .58 
74.12 

102.2 
140.5 
197.1 
271.4 
380.0 
457 .3 
541,1 
644.1 
3 7 7 . 1 ' ! 
445 .8 
537.1 
651.4 
777.1 
937.1 

1 135 
1371 
1649 
2418 
3547 
5 300 
7835 

Fi t ted 
Multipl ication! ' 

17.71 
23.17 
30 .58 
40.72 
54 .68 
74 ,05 

101.1 
139.2 
193.3 
270.5 
381.5 
454 .5 
542.5 
648.7 
381.5 
454 .5 
542.5 
648.7 
777 .4 
933 .3 

1123 
1353 
1634 
2397 
3542 
5273 
7910 

^The argon measurement is normal ized to the 
nitrogen results in the overlap region. 

^ '0 = 0.70, slope = 7.442 X 1 0 " . in tercept = 
9.733 X 1 0 ' ' . 

'^Start of nitrogen data . 
'^Start of argon data . 

CI, and C2 were determined by the least-squares fitting 
procedure described in Appendix A. The simple prescrip­
tion of Eq. 4 is able to produce accurate gain values over 
the entire vohage region. Any change in detector design, 
filling pressure, gas type. etc.. would require recalibration 
which would lead to different values for Q, CI, and C2. If 
data are available only from the '''N(n,p)''*C reaction and 
if the power factor Q is known, the prescription of 
Eq. 4 will permit an accurate extrapolation to higher 
voltages. Some extrapolation from nitrogen-based data 
alone is usually required to provide multiplication 
values at the higher voltages required for a measure­
ment. For a methane-filled counter, only nitrogen data 
are required, since the counter is operated at low 
multiplication. 

C. ELECTROMETER CALIBRATION 

The proton-recoil chamber, though designed and opti­
mized for fast-pulse counting, functions as a current 
chamber without modification. The cathode of the cham­
ber whose calibration by argon and nitrogen pulse counting 
is listed in Table III was connected to negative high voltage. 
The anode was connected directly to an electrometer, 
whose output drove a voltage-to-frequency converter which 
could be scaled over known time intervals. A thick 
cadmium sheet was wrapped around the chamber, which 
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was then placed in a well-thermalized neutron flux. Capture 
gammas from the cadmium induced substantial current in 
the chamber. To determine the gas gain, the amplitude of 
this current was followed as a function of voltage. To make 
certain that space-charge effects were small, the electrom­
eter output was also followed as a function of pile power at 
the maximum voltage used (4600 V) in the calibration. The 
point of onset of nonlinearity indicated the tolerable limit 
for pile power, and the measurement of chamber current 
versus voltage was made well below this limit. No absolute 
multiplication values can be obtained by this method, since 
the source intensity is unknown. 

The ratio of calibration by electrometer current to that 
from argon and nitrogen counting is plotted against voltage 
in Fig. 12. The ratio is not independent of voltage, as one 
would expect, but decreases as voltage increases. The reason 
for this is found in the fact that the true detector-response 
function changes with increasing voltage due to the electric 
field effect (see Sec. VII), The mean value of the calculated 
response function decreased by about 5% from the bottom 
to the top of the voltage range. This caused a corresponding 
decrease in the output current. The effect is considerably 
less significant when the peak amplitude of a monoionizing 
particle distribution is used, since in determining the peak 
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Fig. 12. Effect of internal Fields upon Multiplication Cali­
bration. ANL Nag. No. 116-169 Rev. 1. 

value one automatically biases the distribution towards 
those events occurring in the midchamber region where the 
electric field is strongest. Also plotted in Fig. 12 is the ratio 
of calibration after the electrometer result was divided by 
the mean value of the response-function distribution at 
each voltage. The ratio changes very little after the 
correction has been made. The electrometer method serves 
as a cross-check of the peak-amplitude method. Systematic 
errors introduced by collection time effects or track 
orientation would be uncovered. 

In summary, if care is taken to avoid factors that destroy 
the assumed proportionality between pulse height and the 
product of ionization created by the proton recoil times gas 
gain, the distribution per unit ionization, dN/dl, is readily 
constructed from the distribution per unit pulse height, 
dN/dP. The relationship between the distributions is 

dN. 
dl 

dNdP 
dP dr (5) 

The above assumption states that dP/dl is a constant for 
each voltage. The constant is determined from the relation­
ship of gas gain to voltage. Space-charge effects, short time 
constants, or an excessive number of contaminants wil] 
cause dP/dl to be a function of 1. This relationship would 
have to be determined before the ionization distribution 
could be constructed. 

The calibration of gas-multiplication change with voltage 
may be done conveniently either by observing the change in 
the peak amplitude of a monoionizing source with voltage 
or by following the increase of the direct-current chamber 
output with voltage in response to any high-level (spatially 
uniform) ionizing source. Absolute multiplication values are 
difficult to measure and not necessary when an appropriate 
proton source such as is produced by the "'N(n,p)'''C 
reaction is available. The relationship of pulse height to 
ionization to voltage is fixed at the calibration point. 
Direct-current calibration must be corrected for the change 
with voltage of the detector response function due to 
electric-field effects, and when this is done one may expect 
that the results of either method of calibration will agree. 
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VI. VARIATION OF W WITH ENERGY 

The ionization-scale calibration of counters may be 
conveniently determined as indicated in the previous 
section. The number of events per unit ionization is 
determined as a function of ionization, and if W is known 
the density of events per unit energy is given by 

dN/dE = (dN/dl)/W. (6) 

E = EL-i- / W(l)dl. 
JBl 

(8) 

A minimum understanding of the energy-ionization rela­
tionship for spectroscopy requires that W be known in 
excess of an energy and ionization (both also known) that 
form a lower bound to the range of experimental interest. 

It is necessary to have the proton distributions per unit 
energy to determine the neutron spectrum. 

The remarkable thing about W is that it varies so slightly 
with energy, especially for noble gases and hydrogen. The 
ionization mechanisms operating to produce free electrons 
at the expense of an energy loss by a fast proton are 
markedly different at different energies. Theories valid for 
proton velocities much greater than orbital electron veloci­
ties, such as the Bethe-Block formulation, are not correct 
for protons in the kilovolt energy region [21]. Phenomena 
such as charge exchange occur with high probability, and a 
kilovolt proton actually spends a considerable fraction of 
its time in an uncharged state. With due regard to the 
considerable theoretical and experimental effort that has 
gone into the problem of W determination, no results 
currently exist that are entirely adequate for proton-recoil 
neutron spectroscopy [22]. 

Many measurements are of the integral-energy-versus-
ionization variety and are not sufficiently precise for 
differential dE/dl analysis [1,23]. Also, a filling gas most 
useful for high-gain proportional counters would normally 
require some additives, for instance, methane for quenching 
and nitrogen for calibration in predominantly hydrogen-
filled counters. These additives may only occur at low 
partial pressure, but their effect could be significant 
nonetheless [22]. 

To be useful for neutron spectroscopy, W must be 
known precisely at all energies below the energy of interest 
in the measurement. Not only is it necessary to divide 
ionization density by W to produce proton-energy-density 
spectra (Eq. 6), but the energy assigned to any ionization 
value 1 is obtained by the integral 

E = Eth + 
Jo 

W(I)dI, (7) 

where Eth is a threshold energy below which ionization is 
energetically impossible. Knowledge of W at higher energies 
only is insufficient to allow the evaluation of Eq. 7. 
Measurements of W inevitably terminate at some finite 
energy and associated ionization values (here denoted by 
EL and Bl), and if W is known only in excess of these 
values, Eq. 7 may be modified to read 

A. MEASUREMENTS 

The most recent direct observation of W for protons in 
hydrogen at energies as low as 1 keV are from experiments 
using a lead slowing-down spectrometer [6]. These are 
difficult experiments to perform, and only limited accuracy 
can be obtained, but an interesting variation in W was 
observed in which W decreased in value as energy decreased 
in the region of a few keV. W must ultimately increase with 
further decreasing energy, and the initial decrease is an 
indication of competition between the several processes 
responsible for ionization at these energies. 

Reference 6 also mentions the better agreement with 
calculation achieved using the observed W variation when 
applied to neutron-spectrum measurements. That proton-
recoil distributions measured in certain neutron flux spectra 
may be quite sensitive to the W variation is clear from 
Eq. 6. If the neutron spectrum is hard to the extent that 
very little of the actual flux exists below a few kilovolts, 
the proton-recoil distribution per unit energy is flat. Any 
observed variation in this distribution will, in the absence of 
other effects, such as field-response distortion, directly 
reflect a variation in W. A selection of proton-recoil data 
from hard neutron spectra were analyzed to elucidate this 
trend in W more clearly. These were spectra measured in a 
predominantly uranium metal environment with no light 
material for moderation [19]. Theory predicts lack of any 
significant flux below about 5 keV, and the variation of W 
shown in Fig. 13 was arrived at by comparing the residual 

0N1ZATI0N, kev 

Fig. 13. Variation of W with Energy for Protons in 
Hydrogen Gas. ANL Neg. No. 116-26. 
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curvature of proton spectra after making a correction for 
electric-field-response effects. These results were found to 
be in reasonable agreement with those reported in Ref 6 
above about 2 keV and also clearly showed the downward 
trend in W as energy decreases. Unfortunately, neither the 
analysis reported here nor that in Ref 6 contains any 
meaningful data below about 2 keV. The upturn in Fig. 13 
is not significant relative to errors in the analysis, which are 
conservatively estimated as ±3% in relative W between 
2 keV and about 8 keV above which the variation appears 
to cease. 

The data relating to W variations in methane are also not 
sufficiently well known for spectroscopy-this in spite of 
the fact that most measurements with methane chambers 
are made above about 100 keV where monoenergetic 
accelerator neutrons are available for calibration. Again, it 
is the differential W measured everywhere below a few MeV 
that is needed. Existing data for methane show a definite 
curvature in ionization-versus-energy plots [ I ] . If one does 
a linear fit to the data from 100 keV to 1 MeV, an intercept 
at about 4 keV on the energy axis is found. 

B. PARAMETERIZATION 

To take advantage of the existing evidence relating W to 
energy, and to provide a framework for improvement as 
better data become available, it is convenient to introduce 
an expression relating W to I in parametric form. An 
expansion of W in powers of log 1 works well, since the 
resulting expression can be integrated exactly. In addition, 
it is reasonable to introduce an ionization Tl about which 
W is constant. This constant may be taken as unity; the 
absolute value will not matter when calibration is done 
relative to a known proton energy. TI for hydrogen appears 
to occur at about 8 keV, and there is no clear experimental 
evidence for a change in W above this energy. Let the 
expansion coefficients be designated by CW(J), where J 
ranges from 1 to 6. W is then given by 

W(I)= Y CW(J)(log 1)J-' 
J=i 

(9) 

E is given by 

E = EL+j^ |w( I )d I 

fo rKTl . andby 

E = EL+j W(I)dI-H-TI 
^BI 

(10) 

fo r I>T l . 
If Eq. 9 is introduced into Eqs. 10 and 11, the results 

may be written as 

6 ' 

E = EL-H X CE(J)(logI)-'-' -Bl Y. CE(J)(log Bl)J-i 
J=i J=i 

(12) 

forKTl.and 
6 

E = EL -H - TI + TI Y, CE(J) log (TI)-!-' 
i=' (13) 

- Bl X CE(J)(log Bl)-!-' 

for I > TI. The coefficients CE in the energy expansion of 
Eqs. 12 and 13 are obtained from the W expansion 
coefficients CW according to 

CE(1) = CW(1) - CW(2) -i- 2CW(3) - 6CW(4) 
•I- 24CW(5) - 120CW(6); 

CE(2) = CW(2) - 2CW(3) + 6CW(4) - 24CW(5) 
+ 120CW(6); 

CE(3) = CW(3) - 3CW(4) -i- 12CW(5) - 60CW(6); 
CE(4) = CW(4) - 4CW(5) -i- 20CW(6); 
CE(S) = CW(5)-5CW(6); 
CE(6) = CW(6). 

> (14) 

If one defines a parameter BS as 

BS = BI j CE(J)(log Bl)J-i (15) 
J=i 

and another parameter TS as 

TS = TI X CE(JXlog TI)J-i, (16) 
J=i 

the expression relating energy to ionization may be put i 
the form 

E = EL - BS -I- TS - TI + I (17) 

fo r l>TI , and 

E = EL-BS-H Y CE(JXlog l)J-i (18) 
J=i 

(11) f o r K T I . 
The W variation shown in Fig. 13 is consistent with the 
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following choice of expansion terms: EL = 0.6, Bl = 0.5, Tl = 
8.0, CW(1) = 0.962014, CW(2) = -0.143042, CW(3) = 
0,0200147, CW(4) = 0.0515192, CW(5) = 0.0146597, 
CW(6) = -0.0125811. These coefficients are based upon 
meager experimental evidence and are only to be consid­
ered valid for energies above 2 keV for protons in pre­
dominantly hydrogen gas. 

An approximation appropriate to methane gas when used 
above 200 keV is to assume W constant (CW(1) = 1 and all 
other CW values 0) with an EL of 4.1 and a Bl and TI of 
0.1. This produces the 4-keV intercept observed in ionization-
versus-energy plots over energy values greater than 100 keV. 

The numbers provided here for W are to be considered as 
an improvement over the assumption that it is everywhere 
constant. They are by no means adequate to the accuracy 
desired. Neutron spectra with weak amplitude at low 
energies measured in the presence of a more intense 
high-energy component may reflect large percentage sys­
tematic errors in the absence of an accurately known W 
variation. Uncertainty in W is probably the factor most 
strongly limiting the low-energy measurements of spectra, 
and it is clear that useful spectroscopy will be possible 
below 1 keV only with some substantially improved data 
(seeSec.X.B). 
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VII THE INTERNAL ELECTRIC FIELD IN CYLINDRICAL 
PROPORTIONAL COUNTERS 

The response function and the sensitive volume of 
cylindrical proportional coumers depends upon the manner 
in which an effective length is defined. It has been 
recognized that difficulties arise due to the method of end 
definition, and some measurements have been made. One of 
the earliest relevant studies is contained in the familiar text 
of Rossi and Staub |24J, and results of more recent work 
can be found in Refs. 25 and 26. 

Numerous arrangements of electrode structures have 
been used in the past to define an end over which 
ionization is not recorded. Reference 25 contains a detailed 
summary of some of the types of structures, including 
references to original sources, and no attempt will be made 
here to cover this material again. 

The simplest method of defining an end is by inserting a 
section of tubing (several times the diameter of the anode) 
over the anode. The tube extends well inside the counter 
from the electrical insulation at the extreme end. Tubing 
and anode are in electrical contact, and the tube also serves 
as a support for the anode, which may be extremely fragile. 
This simple end design is the most widely used, and 
counters of small size are as readily assembled as are larger 
ones. A defect in counters built in this way is associated 
with the transition region near the tip, where field strengths 
at the anode surface are weakening (ultimately to a value 
too low to cause multiplication). If the transition were 
rapid, multiplication would be reduced over an axial 
distance too short to be of significance (assuming negligible 
axial broadening of the electron pulse). In practice, and 
even with a minimal increase of diameter in the end region, 
multiplication decreases gradually. This produces a low-
energy tail on the distribution of monoionizing events, 
causes the active volume to differ from the mechanical one, 
and degrades the instrument for spectroscopy. 

Counters with large length-to-diameter ratios are corre­
spondingly less disturbed by tip-effect problems; the 
transition region is relatively less significant as the anode 
length increases for a fixed tube diameter. If the particular 
counting application permits a large diameter, the addition 
of an intermediate-potential field tube may be feasible, and 
this will also improve the electrical characteristics. Counters 
with the intermediate-potential structure are difficult to 
construct in diameters less than about 5 cm, and this is 
unacceptably large for some applications, including in-
reactor neutron spectroscopy. 

A detailed theoretical study of the effect of a particular 
end-electrode structure upon the response function of 
proportional counters was not feasible before the avail­
ability of computers. The problem is the familiar one of 
solving Laplace's equation for boundary configurations not 
reducible to an easily managed form. Straightforward 

numerical methods have been widely used for similar 
problems and are applicable here as well [27]. 

A. DESCRIPTION OF A NUMERICAL SOLUTION 

Figure 14 is a schematic diagram of the "simple" end, 
consisting of a concentric field tube (of several anode radii) 
and maintained at anode potential. Some electric field lines 
have also been included. The drawing is not to scale; in 
practice, the cathode-to-anode ratio may easily be 1000 
while the field-tube-to-anode ratio may be 10 or so. The 
field-tube radius must be sufficiently greater than the anode 
radius to reduce gas multiplication to a negligible value over 
its entire length. 

The response function of a detector is altered from the 
ideal by the complex behavior of field lines near the tip 
discontinuity. The field in the immediate vicinity of the 
anode (where gas multiplication occurs) shifts continuously 
from values too low to cause multiplication to an asymp­
totic value achieved at a distance of about 1.5 cathode radii 
from the discontinuity. The asymptotic value of the electric 
field is that appropriate to infinite concentric cylinders, 
V/|r log(c/a)], where V is the potential difference. In 
addition to a gradual weakening of the anode field, field 
lines will not lie precisely along the radial: and since 
ionization collected will follow field lines, the electrical 
volume of the detector will be different from the mechani­
cal volume. 

All these effects are described qualitatively in Ref. 25. 
Even the simple end-electrode structure of Fig. 14 does not, 
apparently, permit a solution of the variation in anode field 
strength along the z direction expressed in tabulated 
functions. 

To study in detail the variation of the electric field near 
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tips and the resulting effect upon pulse-height spectra, 
Laplace's equation for the potential with appropriate 
boundary conditions was solved by iteration. A standard 
finite-difference approximation was used; and in the most 
elementary way the potential at any interior mesh point 
was expressed as a suitable "four-point" average over 
adjacent mesh points [27]. The radial dimension, r, was 
first mapped into a variable u = log (r/a), a being the anode 
radius. A fixed mesh interval was chosen in u space. The 
axial dimension was broken into mesh intervals that 
increased in geometric progression as distance from the 
discontinuity increased both along the anode region and 
along the end. This initial mapping of both radial and axial 
distance permitted a much more efficient (mesh-point 
number and iteration time) solution to the problem. 

The boundary conditions maintained the anode (in­
cluding the field-definition tube) and cathode at a fixed 
potential difference. At the midplane of the counter, 
potential gradients along the z axis were set to zero for all 
radial mesh points. At the extreme counter-end boundary, 
an arbitrary set of radial potentials could be input in order 
to ascertain any possible effect of end construction upon 
anode field. The true field pattern at the extreme end is 
generally complicated, since lead-in seals and anode sup­
porting structures cause distortion. The calculation indi­
cated an insensitivity of anode field to reasonable end 
potentials where field-tube insertion exceeded 1.5 cathode 
radii. 

After a sufficient number of iterations of the finite-
difference expression, potentials converged to values that 
were essentially independent of details of dimensioning and 
mesh spacing over a broad range of these variables. The 
electric field at the anode was taken to be the value of 
potential at the radial mesh point adjacent to the anode; 
absolute electric fields were not relevant to the problem. 
Appendix B includes additional detail describing the way in 
which the field calculation was done, together with a 
FORTRAN code. 

In practice, the field-tube inside diameter will be several 
times the diameter of the anode; and, apart from misalign­
ment in construction, the actual region near the tip will be 
as shown in Fig. 14. The calculation was set up to solve this 
case, but no significant effect upon anode field was 
observed when a solid field-tube structure was used, as 
would occur for example if solder filled the anode-field-
tube space during construction of the counter. The anode is 
usually not precisely aligned within the field tube, and the 
fact that little effect can be seen by filling in the field tube 
(in the symmetrical case) indicates that misalignment does 
not lead to troublesome consequences. 

The anode-field variation derived for a counter used in a 
spectroscopy application is shown in Fig. 15. The counter 
had an anode radius of 0.0127 mm. The ratio of field-tube 
radius to anode radius was 10.0, and the ratio of cathode to 
anode was 625. The total length of anode was 4000 anode 

0 200 400 600 800 
AXIAL DISTANCE (UNITS OF ANODE RADIUS) 

Fig. 15. Anode-field Dependence upon Distance from Field-
tube Tip for Nominal Cylindrical Chamber . ANL Neg. 
No. 116-506. 

radii, and at the half-anode distance (2000 radii), axial 
potential gradients were set to zero. At 912 radii from the 
discontinuity measured along the fie Id-de fin it ion tube, the 
potentials were maintained at infinite cylinder values. 

The initial rapid increase in anode field is seen in Fig. 15, 
followed by a rather slow approach to asymptotic. Gas 
multiplication is extremely sensitive to field strength, and 
the results of Fig. 15 clearly indicate that end effects will 
persist for some considerable distance along the anode 
region. 

To estimate the influence upon "electrical volume" of 
field-line bowing, field lines originating at the anode were 
followed outward radially to their termination at the 
cathode. Several of these lines are shown in Fig. 16 for the 
test counter (the Case 1 "nominal counter" in Table IV). 
The mechanical volume is 4.92 (in units 10^ cubic anode 
radii); the volume contained by field lines touching the 
tip-anode discontinuity is only 4.71. This very substantial 
discrepancy is of considerable importance, especially in 
absolute measurements. The electrical volume is well 
defined (and independent of voltage), but the actual 
amount of gas contained within it is considerably less than 
calculated from internal tube dimensions alone. 
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TABLE IV. Description of Chambers Used in Field-response Study 
Anode diameter = 0.0254 mm. Field-tube diameter = 0.254 mm. 
Nominal cathode diameter = 1.59 cm. Voltage = 4050 V. 
Pressure = 5.03 atm Hj(0°C) with 1/2 volume percent Cll. . 
Anode length = 5.08 cm. Mechanical volume = 0.491 X 10 cubic anode radn. 

True End-
cathode Diameter, 

Case units of anode radius 

Mesh Equivalent-
cathode Diameter, 

units of anode radius 

Electrical Volume, 
units of 10' " 

cubic anode radii 

625 

468 

312 

625 

SOO 

321 

0.471 

0.483 

0.487 

The calculation described here (and in Appendix B) 
includes an option to permit the cathode to assume a 
diameter over the end region that is less than its value over 
the cathode. A reduction in cathode diameter over the 
region occupied by field tubes has two obvious advantages. 
The end region from which particle tracks may enter the 
effective anode volume is reduced, and the field at the 
anode varies more uniformly as distance increases from the 
tip. The operation of detectors constructed with a reduced 
cathode radius over the field-tube region is explored more 
fully in Sec. E below. 

B. COUNTER RESPONSE FUNCTIONS 

The numerical solution to the internal radial and axial 
potential variation can be used to produce a response 
function for the counter which will be appropriate for 
ionizing events of negligible spatial extent arising uniformly 
in the gas volume (see Appendbt C). The electric-field 
variation along the anode surface is that of the potential 
gradient at the surface and is calculated together with the 
volume enclosed by any field line originating at the anode. 
The electrical volume is needed as a weighting factor, since 
the number of events enclosed by adjacent field lines is 
relatively fewer near the tips. 

In proportional counters, gas multiplication occurs only 
in the immediate vicinity of the anode. If the electric-field 
variation and differential electrical volume along the anode 
are known, and if a calibration expressing gas multiplication 
as a function of voltage is also available, it is easy to derive 
a response function for the counter at any voltage. To do 
this, one only has to replace the calculated anode field (a 
function of axial distance z) by an appropriate multipli­
cation value from the calibration. Normalization is chosen 
such that at large z the anode field is set equal to the 
nominal voltage setting for the detector as it is used in the 
spectroscopy experiment. The result obtained is the varia­
tion in gas multiplication with z. 

Figme 17 contains the calibration for the test counter 
"Sing Ar as the caUbration source (see Sec VBl The 
peak channel of the - A r distribution ,s broad, but is . 
readily determined from the observed pulse height spec­
trum (see Fig. 19 later). The data are fit with the 
parameterization discussed in Sec. V. All of the response-

20 

function derivations presented here use the parameteriza­
tion given in Fig. 17. 

To derive an amplitude distribution of events, it is 
necessary to transform from the (constant) density of 
events per unit anode to the corresponding density per unit 
multiplication. The actual prescription for expressing A 
versus V is irrelevant to the transformation from events per 
unit anode length to events per unit amplitude Any 
relationship superior to Eq. 4 will improve corre­
spondingly, the end result. Equation 4 fails for very 
low values of multiplication (in the transition region 
between ion collection and proportional modes of counter 
behavior), as do other prescriptions that have been 

SOLID LINE IS A FIT 
10 \— OF THE EXPRESSION 

(LOG A) / yO = CI.V + C2 

38 40 42 44 

VOLTAGE ( UNITS OF 100 VOLTS ) 
46 

Fig. 17. Gas Multiplication Variation with Counter 
Voltage. Solid-line is a fit with Q = 0.2, CI = 0.00070247 
and C2 =-1.2503. ANLNeg. No. 116-507 Rev. 1 



proposed [20]. A FORTRAN code deriving the transforma­
tion from field strength to pulse height is given in 
Appendix C. 

The computed amplitude distribution will be voltage-
sensitive. Figure 18 shows the calculated distribution at 
3500 and 4500 V using the test counter and its calibration. 
The distributions are normalized such that the amplitude at 
maximum gain is placed at full scale. The maximum 
amplitude is achieved for events in excess of about 1000 
anode radii from the tip, and the distributions increase 
sharply for amplitudes greater than 70% of maximum. As 
may be seen, the response distribution depends upon 
counter voltage. Operating at lower voltages produces a 
response behavior closer to ideal, since relatively fewer 
events are strongly degraded by the field. 

C TEST OF THE CALCULA TED RESPONSE 

A comparison of predicted response with a pulse-height 
distribution of "̂̂ Ar is given in Fig. 19, Two distinct 
deexcitation modes occur; one, involving betas at about 
2.8 keV, is the dominant peak in the figure. Another mode, 
with energy about 200 eV, also occurs; and this line causes 
the sharp increase in the spectrum below channel 20. A 
discriminator blocks all events below about channel 13. 
Statistical effects introduce substantial broadening into the 
measured result. 

The calculated pulse-height distribution was smoothed 
using a Gaussian shape with width chosen to match the 
observed distribution over the peak. Calculated and meas­
ured distributions were normalized in the region of the 
main peak. The extent of agreement over the limited region 
between soft beta decay at low channels and the onset of 
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the statistically broadened dominant peak at high channels 
can be seen. The calculated distribution falls somewhat 
below the data at low pulse heights, even after allowing for 
the fact that the soft (200 eV) beta emission increasingly 
dominates the distribution at low values of pulse height. 
From the comparison of Fig. 19, one cannot draw any 
conclusion as to the validity of the calculated response 
below about channel 25. 

Any disagreement can probably be attributed to two 
effects of unrelated origin not accounted for in the 
response-function calculation. As can be seen in Fig. 16, the 
total path ionization must follow before collection is 
substantially longer for events collected near the tip than 
for events collected near the counter midplane. One 
consequence of the lengthened field line is that the average 
field over the line is weaker. This combination of circum­
stances will ensure that ionization collected near tips 
remains in transit for a much longer time than the average, 
and probability for electron attachment by contaminants is 
correspondingly greater. The effect upon the response is to 
raise the low-amplitude distribution in accord with observa­
tions in Fig. 19. 

Another effect not involved in the response calculation 
is related to axial diffusion of the assumed initial point-
ionization distribution [14]. By the time this ionization is 
collected, a substantial axial broadening has occurred, 
especially near the tip where time to collection is greatest. 
Because of the nature of the change in multiplication with 
distance along the anode, this broadening will also serve to 
enhance the low-amplitude response. 

It is feasible to use the calculated response to correct 
measured distributions. Counters of practical interest will 
usually possess sufficiently long anode regions to maintain 
field-distorti(5n effects at a low level. Expected systematic 
errors in the response determination will be of limited 
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extent in applying this correction to data in most practical 

situations. 

D PARAMETERIZATION OF COUNTER RESPONSE 

FUNCTION 

The calculated pulse-height distributions, as determined 
from the electric-field anode variation increase rapidly as 
pulse height approaches its maximum value. To utilize, in 
the simplest manner, the calculated response to unfold 
response effects from measured data, it was found conve­
nient to break the distribution into two parts. The dividing 
amplitude was chosen to be 70% of the maximum of the 
distribution. All events in excess of 70% of maximum were 
lumped together into a "contained" response fraction and 
assigned an amplitude equal to the maximum value. The tail 
of the distribution below 70% of maximum varied 
smoothly and was least-squares fit to a polynomial of fifth 
order for use in response-correction codes (see Sec. XI.B.2). 

Splitting the response into a "contained" fraction and a 
"tail" is convenient for unfolding purposes, but is not a 
justifiable procedure. The neglect of the actual shape near 
maximum can be expected to introduce some systematic 
error; it is difficult to treat this region in any precise 
manner. The intrinsic line shape for the counter will not 
generally be Gaussian and will depend upon energy. A 
"complete" response function at each energy could be 
derived by smoothing the field effect with the line shape (if 
known). Use of the resulting distribution would require 
more elaborate numerical methods and would certainly 
limit the problem to the larger, faster computers for 
solution. We have tried to manage most of the response 
correction using the same (8k. 18 bit) computer available 
for on-line accumulation of pulse-height information. 

The use of detectors with relatively little distortion due 
to field effects is obviously to be desired, and insofar as this 
is possible, it is expected that neglect of the intrinsic line 
shape details will not introduce exceptional difficulties. A 
full understanding of instrumental resolution is made 
difficult where effects as diverse as internal field shape, 
ionization statistics, and electron attachment all contribute. 
A fairly reliable estimate of line width can be obtained at 
each energy, but more than this may not be feasible in most 
instances. 

The low-amplitude behavior of the calculated response 
functions warrants some additional comment. The actual 
shape will depend upon the validity of the gain-voltage 
prescription (Eq. 4) for low amplitudes, as well as upon 
other phenomena such as axial diffusion and field-line 
shape. The increase in the calculated distribution at low 
amplitudes seen in Fig. 18 is probably meaningless, and no 
weight should be given to the response below a few percent 
of maximum in using the response for correcting data. In 
most applications, this low-amplitude detail will have little 
effect upon spectra. 

Another point regarding the field-effect-associated re­
sponse functions is that they are calculated from the 
electric-field pattern assuming a point source of initial 
ionization distributed uniformly over the anode. This may 
not necessarily apply in a measurement, however, and if 
track lengths extend significantly, or if a nonuniform 
spatial distribution is encountered, the effect upon response 
functions will have to be taken into consideration. The 
complete response, where track truncation (wall-and-end 
effect) occurs coincidentally with field distortion, cannot 
be treated in any simple way. For extended tracks a spatial 
averaging automatically occurs, and these events tend to be 
less affected by the field-distortion problem, which remains 
localized near counter ends. Additional discussion of this 
point appears in Sec. VIII. 

E EFFECT OF A REDUCTION IN CA THODE 
DIAMETER 0 VER THE END REGION 

The code described in Appendix B is equipped to 
compute the counter potential map, assuming that the 
cathode radius over the end region is reduced from that 
over the anode. Actually, the code will round off to force 
the true radius over the end to conform to the radial mesh 
structure. This will cause some discrepancy between the 
end radius actually solved for in the problem and the radius 
as input. 

The advantages of a reduction in end radius are twofold. 
First, there is less end area from which particles with 
substantial range can enter the effective anode region. 
Events of this type are more difficult to include in a 
finite-range wall-and-end effect analysis than events origi­
nating within the effective anode region. Second, a pattern 
of field lines is established in which the electrical and 
mechanical volumes are in better agreement. Effects occur 
that significantly improve the pulse-height response-i.e., 
remove to a large extent the low amplitude tail on all 
spectra taken with the normal cylindrical tube as shown in 
Fig. 19. 

The upshot is that an optimal reduction of end-cathode 
radius allows a better spectrometer response, reduces un­
certainties in the true sensitive volume, and reduces the 
probability for entrance of particles from the end region. 

Additional calculations were made for the modified end 
configurations. The corresponding counters were constructed 
and the " A r response observed. The same basic chamber 
previously described and the same calibrationgiven in Fig. 17 
were used. Table IV summarizes the characteristics of the 
three cases studied; Case I is the normal cylinder pre­
viously discussed. 

The calculation in Appendix B sets the actual end-
cathode radius to agree with a radial mesh point, and 
consequently the calculated radius does not necessarily 
agree with the radius of the physical chamber. Table IV lists 
both the true chamber end radius and the radius for which 
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the calculation was done. The electrical volumes are also 
shown for the three cases. These are the volumes contained 
by the field line touching the tip-anode discontinuity. 

Case 3 is a rather extreme reduction, by a factor of 2, in 
the radius of the cathode over the end region. The 
dependence of anode field upon distance from the tip is 
shown in Fig. 20 (this to be compared with the normal 
cathode configuration in Fig. 15). As expected, the effect 
of a reduction in end-cathode diameter causes a more rapid 
initial increase in field with distance from the tip. This, in 
effect, reduces the relative number of highly degraded 
events and strongly depresses the low-energy tail on the 
response function. The slight overshoot of anode field 
before relaxing to an asymptotic value for Case 3 has the 
effect of producing a high-amplitude tail on the response 
function. Figure 21 is a field-line pattern for Case 3 
comparable to that for Case 1 shown in Fig. 16. Field lines 
are very markedly warped near the ends, but the electrical 
volume (that volume enclosed by the field line touching the 
tip) is close to the mechanical one, as shown in Table IV. 
One other consequence of the warping of lines is that the 
differential volume contained by adjacent field lines touch­
ing on the anode near the tip is less than its value at a 
distance from the tip, and this also reduces the amplitude 
of degraded events in the response. 

Figure 22 compares the calculated response to the meas­
ured ^'Ar pulse-height spectrum for the Case 3 detector. In 
all the response-function computations, a Gaussian-
smoothing full width at half maximum of 27% was used. 
Abscissa and ordinate were scaled in each case to produce a 
best eye fit to the measured distribution. The agreement 
between calculated response and spectrum measurement is 
quite good, and the high-amplitude overshoot is correctly 
predicted. Some residual excess of measured amplitude over 
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Fig. 21. Internal Field Pattern for Case 3 Chamber. ANL Neg. 
No. 116-510. 

that calculated still remains in the minimum between about 
channels 20 and 40; the explanation is probably that given 
previously in the discussion of the normal counter. The 
discrepancy is small, however, and it is apparent that a 
chamber designed as in Case 3 is markedly superior for 
absolute rate determinations than the normal chamber of 
Case 1. 

Case 2 with end-cathode radius reduced by •\/T is 
intermediate between Cases 1 and 3. The anode field does not 
overshoot its asymptotic value, and the field pattern is not 
as violently distorted near the ends. Figure 23 shows the 
result of a response calculation compared to the measured 
^^Ar result, ^gain, the agreement with experiment is good, 
and the low-energy tail is strongly depressed. Case 2 
represents a near-optimum design for good resolution, as is 
required in a spectroscopy problem. Case 3 is a better 
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Fig. 20. Anode-field Dependence upon Distance from Tip for 
Case 3 Chamber. ANL Neg. No. 116-505. 

Fig. 22. Comparison of Measured and Calculated Spectra of 
'Ar for Case 3 Chamber. ANL Neg. No. 116-511 Rev. 1. 
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Fig, 23, Comparison of Measured and Calculated Spectra of 
' ' A T for Case 2 Chamber. ANL Neg. No. 116-512 Rev. 1. 

design for absolute counting, where spectroscopic quality 
can be sacrificed to some extent to improve the plateau. 

The generally satisfactory agreement between the calcu­
lated response function and that observed by counting 
"̂̂ Ar beta emission indicates that a fairly detailed study of 

the spectroscopic quality of a cylindrical detector desensi­
tized at the ends by a field tube can be made using simple 
numerical techniques. The several parameters affecting 
counter behavior can be adjusted to optimize the objective, 
i.e., a good plateau as for Case 3, or a clean line response as 
for Case 2. There is unlikely to exist any simple rule of 
thumb by which this optimization can be arrived at, and 
the computer studies, with the method used here, are time-
consuming. Nevertheless, substantial improvements in cylin­
drical chamber spectrometers can be achieved by opti­
mizing the design of the cathode in the region near the 
ends. 

We intend to use the modified-end cathode structures in 
future applications to proton-recoil neutron spectroscopy. 
Since a good line response is essential here, the reduction in 
end-cathode radius will correspond to the Case 2 study, 
although the chambers will be of different size. 

The Case 3 study was sufficiently encouraging that an 
enriched BF3 chamber identical to Case 3 was acquired 
and, if practical, will be used for absolute ' °B capture-rate 
determinations in fast-reactor spectra. The improvement in 
plateau for the Case 3 chamber over that for Case 1 (as 
compared in a fast-neutron spectrum) has been observed. 
Results will be published if in-core feasibility can be 
shown. 
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VIII. WALL-AND-END RESPONSE FUNCTION 

If neutron spectra are to be accurately determined with 
proton-recoil proportional counters, it is necessary to 
correct for wall-and-end distortion. Some proton-recoil 
tracks are truncated by collisions with the walls, or they 
pass into an end region, where there is no multiplication. 
For these events there is an incomplete collection of 
ionization in the sensitive region, and the relationship of 
proton energy to collected ionization is distorted. 

It is assumed that to first approximation wall-and-end 
distortion and electric-field distortion may be treated 
independently; i.e., the complete response function is 
separable. The wall-and-end part of the response function 
for a 47r-geometry counter is the energy distribution from 
monoenergetic protons of a given energy generated uni­
formly and isotropically throughout a particular counter. 
The determination of response functions for 47r-geometry 
proton-recoil counters has been considered in a number of 
papers. Various methods have been employed. Monte Carlo 
techniques have been used for spherical counters [3,28] as 
well as for cylindrical counters used with neutron beams 
parallel to the counter axis [29]. A method has been 
developed to empirically determine response functions for 
47r-geometry counters [26]. Meantime, analytical solutions 
to the wall-and-end problem have been found for both 
spherical and cylindrical counters [30]. The analytical 
solutions have been applied to correction schemes for 
measurements with spherical counters [31]. 

This section indicates the method of calculation of the 
wall-and-end part of the response function, compares 
calculated response functions with measured distributions, 
and outhnes application to proportional-counter spectrome­
try. In Section X the extent of wall-and-end response 
corrections on a representative fast-reactor spectrum is 
assessed. Appendixes D and E contain detailed mathemati­
cal expressions and a description and listing of computer 
programs for the determination of the wall-and-end part of 
the response function. 

A. CALCULA TION OF WALL-AND-END PART OF 

RESPONSE FUNCTION 

In the calculation of the wall-and-end part of the 
response function, certain simplifying assumptions are 
made. The counter is divided into three right cylindrical 
region. There is the central or sensitive region, in which it 
is assumed that the gas multiplication is constant, and there 
are the two end regions, in which it is assumed that there is 
no multiplication. Thus the volume changes and multiplica­
tion changes associated with the distortion of the internal 
field lines discussed in the previous section are neglected. 
Tracks of detectable events-ones that create ionization in 
the sensitive region-can be divided into four mutually 
exclusive categories. 

1. The track starts in the sensitive region and ends in the 
sensitive region without distortion. 

2. The track starts in the sensitive region and is 
truncated by the walls or extends into an end region. 

3. The track starts in an end region and stops in the 
sensitive region. 

4. The track starts in the end region and is truncated by 
the walls in the sensitive region or extends into the 
other end. 

Probability functions with the path lengths in the 
various regions as independent variables have been 
derived [30] for each of these categories under the assump­
tions that ( l ) i t is equally likely that a track starts 
anywhere in the volume -uniform distribution; and (2) it is 
equally likely that a track starts in any direction-isotropic 
distribution. For protons of range RQ and energy EQ, the 
response function R(E,Eo) in terms of track-length func­
tions for each category is 

R(E,Eo) = 

dR 
VsF(Ro)6(E - Eo) + Vs ^ 1 ^ N[Ro - R(Eo- E)] 

fl^lEo-E 

+ 2Vdf | |^G[Ro-R(E) ,Ro] 

+ 2Vd 
r t o - t ^ 

JF'=O dE 

dR 
, dE 

Eo-E-E 'EO-E' 

M[Ro -'R(EO - E ' ) . Ro - R{Eo - E' - E)] dE'. (19) 

The first two terms on the right-hand side of Eq. 19 are 
associated with events starting in the sensitive region whose 
volume is Vg. In the first term, F(C) is the probability that 
the path length to a surface is greater than 9. and thus, with 
C equal to RQ, is the probability for the first category of 
tracks. The term 6(E - EQ) is a delta function. Figure 24 
shows FfC) for a counter with a 1.27-cm radius for various 
cylinder lengths. In all cases, once the track length becomes 
comparable with the diameter of the counter, F(C) becomes 
rather small. For path lengths up to a radius, F(C) is rather 
well approximated by a straight line-the result that arises if 
one neglects the curvature of the surfaces. In the second 
term of Eq. 19. N(t) dt is the probability that a path length 
is between C and C + dC and thus is the probability 
associated with the second category of tracks. The length 
t = Ro - R(Eo - E) is the length of track in the sensitive 
region of a proton that starts in the sensitive region and 
deposits an amount of energy E in the sensitive region. 
Figure 25 shows N(!2) for a counter with a 1.27-cm radius 
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Fig. 24. The Probability F(e) That a Track of Length 2 Will 
Not Be Truncated or Pass through the End of a Cylinder of 
Radius a Equal to 1.27 cm and Various Lengths L. ANL Neg. 
No. 113-2303 Rev. 1. 

for various cylinder lengths. For small values of 8, N(8) is 
constant-the result which arises if one neglects the 
curvature of the surfaces. The term dR/dE is the inverse of 
the stopping cross section e(E) of the counter gas adjusted 
for the density N of the gas 
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Fig. 26 . Stopping Cross Section e vs Energy, and Range vs 
Energy, of Protons in Methane Gas. ANL Neg. No. 113-2314. 
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Figure 26 shows e versus energy and range versus energy for 
methane gas-the dominant filling gas for the counters for 
which the response functions are determined. 

The last two terms on the right-hand side of Eq. 19 are 
associated with events that emanate from the end regions, 
each with a volume Vj. In the third term, G(C',C) dC' is the 
probability that the path length is between C' and 2' + dft' in 

-

\ L • » 

1 

' 1 ' 1 
• e.25 cm 

1 1 

' 1 

-

Fig. 25. The Probability N(C) dH That a Track Is between 2 and 
C + dC for a Cylinder of Radius a Equal to 1.27 cm for Various 
Lengths L. Normalization is that one track starts per unit volume 
ANL Neg. No. 113-2313 Rev. 1. 

an end region, and that the total length to the surface is 
greater than C. The length C = Ro • R(E) is the length of 
track in an end region of a proton that deposits energy E in 
the sensitive region. In the fourth term, M(tl'.C) dC'dC is the 
probability that a track starting in an end region with a 
length between C' and C' + dC has a total length to the 
surface between C and 9. + dC. 

The third term of Eq. 19 is rather easily evaluated. 
However, the fourth term is calculationally cumbersome, 
requiring a numerical integration for its evaluation. In this 
report the events from the end regions are neglected. The 
infiuence of these end events is presently being investigated. 
Wherever possible, the correction schemes have been 
constructed to allow suitable changes when the end regions 
are taken into account. For a counter with reduced-
diameter cathodes over the end regions, the influence of 
end events is proportionally less. 

When the ends are neglected, only the first two terms on 
the right-hand side of Eq. 19 are required. The first term is 
the number of events not distorted and is referred to as the 
undistorted part of the response function; the second term 
constitutes the distorted part of the response function. The 
detailed expressions for the probability functions F(C) and 
N(l(l), as well as the program that calculates the response 
function are contained in Appendix D. 

For a given geometry the response function is a 
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two-dimensional function depending on both the energy Eo 
and the range Ro of the protons. If EQ is held constant, the 
pressure is inversely proportional to RQ, and the pressure or 
Ro can be used to parameterize R(E,Eo) The significance 
of this case is made clear in Sec. B below. If the pressure is 
held constant, the relationship between Ej and Ro is fixed 
and either variable can be used to parameterize the response 
function. This is the response function that applies to a 
counter used as a spectrometer. In general, if Ro is less than 
the radius of the counter, N(£) is almost constant and the 
energy dependence of R(E,Eo) results from the energy 
dependence of e. Once the range of the protons becomes 
comparable with the diameter of the counter, the energy 
dependence of e dominates R(E,Eo) for E much less than 
Eo and the form of N(6) dominates R(E,Eo) for E close to 
EQ. Calculated distributions of the distorted part of the 
response function for which EQ is held constant and the 
pressure is varied are shown in Fig. 29. Distributions for 
which the pressure is held constant and EQ is varied are 
shown in Fig. 32. The distributions are discussed in more 
detail in Sec. C below. 

B COMPARISON OFMEASURED DISTRIBUTIONS 
WITH CALCULA TED DISTRIBUTIONS 

One would ideally like to compare calculated and 
measured proton-recoil distributions for a fixed counter 
pressure as a function of EQ over the full range of 
proton-recoil energies. However, it is not experimentally 
feasible to generate such distributions. Since the response 
function is a two-dimensional function, an alternative is to 
consider distributions from a fixed-energy proton source 
and vary the counter pressure. This sequence is easy to 
realize experimentally. If the counter contains some nitro­
gen and is placed in a uniform and isotropic thermal flux, a 
uniform and isotropic distribution of 585-keV protons will 
result from the ' ' 'N(n,p)' ' 'C reaction. This is the same 
reaction used for calibration (see Sec. V). The response 
function for a given energy Eo and density N is related to 
that for a different Ej, and N' by 

R(E,Eo) = 
N e (Eo - E) 

N' e (E'o - E') 
R(E,Eo). (21) 

Thus the ability to determine response functions for a fixed 
Eo as a function of pressure is meaningful in ascertaining 
how well one can determine response functions for a fixed 
counter pressure. 

The experimental method is described in detail else­
where |26]. A schematic drawing of the counter used for 
these tests is shown in Fig. 27. For each pressure, the 
counter was filled from a mixture of 49%CH4 and 51%N2. 
The large amount of nitrogen was desirable to keep 
background contributions negligible. For all pressures, the 

ALL DIMENSIONS IN CEMTI METERS 

Fig. 27. Schematic Drawing of Proton-recoil Counter. Field 
tubes are 0.25-mm-dia hypodermic needles; anode is a 
0.025-mm-dia stainless steel wire. ANL Neg. No. 11 3-2305. 

overall gain of the system was kept fixed by varying only 
the counter voltage. A fission counter was used to monitor 
the relative number of thermal neutrons during each 
measurement. 

Figure 28 shows a measured distribution for which the 
range of the 585-keV protons is 1.53 cm. The rapid increase 
in the number of counts per channel at lower energies 
results from the detection of Compton electrons from the 
interaction of gamma rays with the materia! in the walls of 
the counter. As the pressure is increased, the electrons are 
able to lose more energy in the counter, and the tail of 
these events moves out to higher energies. Carbon recoils 
from the ''*N(n,p)'*C reaction are also detected. The 
carbon recoils deposit an equivalent ionization of 30 keV, 
and thus bias the whole distribution by this amount, since 
their ionization is collected simultaneously with that from 
the protons. 

Measurements were made from a pressure of 5.3 atm 
(which corresponds to a range of 0.20 cm) to 0.27 atm (which 
corresponds to 3.87 cm). The high-pressure limit was de­
termined by the movement of the gamma-ray-induced 
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Fig. 28. Measured Pulse-height Spectrum from "'N(n,p) '*C 
Reaction with Thermal Neutrons, Range R,, of the S8S-keV 
protons was 1.53 cm. ANL Neg. No. 1 13-2309 Rev. 1, 
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event tail to almost 50% of the peak energy. The low-
pressure limit was determined by the point at which it 
was still possible to discern the peak. 

The presence of the tail from gamma-ray-induced events, 
distortions introduced by electric field effects, as well as 
distortions introduced by the resolution of the detector 
prevent a straightforward comparison of measured and 
calculated distributions. An examination of calculated 
distorted distributions indicates how comparisons might be 
made. Figure 29 shows two calculated distributions for 
which Eo is 585 keV. Ro is small for one and large for the 
other. In both cases, the calculations indicate that from 
zero energy to almost the peak energy a straight-line fit to 
the curve is possible. The extrapolation in the measured 
distributions to zero energy is obvious. For small values of 
Ro, there is a rapid change in the calculated distributions 
near the peak energy introduced by the energy dependence 
of the stopping cross section (see Fig. 26). The rapid 
variation occurs so near die peak energy that if the 
resolution of the detector is taken into account, these 
events cannot be distinguished from undistorted events. 
Fortunately, this region of the distribution does not 
introduce a serious problem in comparing measured and 
calculated distributions, because the number of events 
contained in the region is small compared to the total 
number of distorted events. 

It was decided to compare two parameters of the 
measured and calculated distributions: the fraction of 
events that are not distorted and the slope of the 
straight-line fits to the distributions over the energy region 

for which a straight line is a good approximation. Figure 28 
indicates how the two parameters are obtained from a 
measured distribution. A bias is set to take into account the 
energy deposited by the carbon recoils. Assuming a 
straight-line fit to the data in the region just beyond the tail 
of the gamma-ray-induced events, the line is extrapolated 
back to zero energy. Near a peak, a horizontal line is drawn 
from the energy at which the slope is zero to the peak 
energy. The shaded area indicates the events that are 
considered distorted. The remaining events in the peak are 
considered to be undistorted. The consistency of the 
extrapolation method to zero energy was checked by 
totaling the number of events thought to be protons and 
comparing it with the number consistent with the thermal 
flux and amount of nitrogen in the counter. In all cases the 
agreement was good. 

Figure 30 shows the measured fractions of undistorted 
events versus RQ, and Fig. 31 the measured slopes versus 
RQ. The figures also contain calculated curves of these 
quantities. The solid lines result from using Eq. 19 to 
calculate the distributions. Only wall-and-end distortions, 
or, as they are referred to on the figures, geometry effects, 
are taken into account. The solid curves do not provide a 
good fit to the data. This is not surprising, since the 
discussion in Sec. VU indicated the importance of account­
ing for electric-field distortions. The same type of approach 
as outlined in that section could be used to determine the 
electric-field part of the response function, which could be 
combined with the wall-and-end part to yield the full 
response function. However, for purposes of this compari­
son, it was found suitable to use an approximation to the 
true electric-field response function. It was assumed that 
the fraction of events distorted by the electric field would 
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Fig. 29. Calculaled Distorted Part of Response Function for 
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Fig. 30. Measured Fraction of Distribution That Is Undis­
torted vs Range R„ of 585 keV Protons. The solid (dashed) curve 
is the calculated fraction and takes into account geometrical 
(geometrical and field) effects. ANL Neg, No. 113-2307. 
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Fig. 31. Measured Slope of Straight-line Fits to Distorted 
Distributions vs Range Rj, of S85-keV Protons, The solid 
(dashed) curve is the calculated slope and takes into account geo­
metrical (geometrical and field)effects. ANLNeg. No. 113-2308. 

correspond to any event starting in a right cyhndrical 
transition region with volume Vt, and that the energy 
distribution of events that start in this region can be 
represented by a straight Une with slope St Vt and St are 
parameters estimated from the field calculation. Since the 
gas multiplication was kept the same for all measurements, 
the assumption of a single electric-field response function 
independent of RQ is probably rather good. The expression 
for the fraction of events not distorted when both 
geometry and electric-field effects are taken into account 
assumes the form 

UN(Ro) 
, VsF(Ro) 
Vs+2Vt-

(22) 

The expression for the slope S(Ro) of the composite 
distribution is 

S(Ro) = 
2VtSt [Vs-VsF(Ro))Sg(Ro) 

Vs-^2Vt-VsF{Ro)^ Vs + 2Vt - VsF(R„) ' 

C. APPLICATION TO PROPORTIONAL-COUNTER 
SPECTROMETRY 

The appropriate response function for application to 
proportional-counter spectrometry is that for a fixed 
counter-gas pressure. Since a neutron can c.eate a proton 
recoil with an energy equal to the incident neutron energy, 
it is necessary in principle to determine the response 
function for energies equal to the maximum neutron 
energy. Figures 32 and 33 show the response function at 
various energies for the counter described in Sec. B above 
filled with about 6.5 atm methane. This pressure is close to 
that at which the resolution begins to appreciably worsen 
because of contaminants in the gas. In Fig. 32 two 
examples of calculated distorted distributions are repre­
sented by the solid curves. For this illustration, the same 
values of RQ were chosen as appear in Fig. 29. For a fixed 
value of RQ, the transformation of a distribution for one 
value of Eo to another is independent of energy, except in 
the neighborhood of the peak. Figure 33 shows three 
examples of calculated response functions which are repre­
sentative of the behavior of the response function in various 
energy regions. The uppermost response function represents 
the region in which the distorted part of the response 
function can be represented by a straight-line fit for 
energies almost up to the peak energy. The dashed line 
represents the undistorted events. The middle response 
function represents the region in which the distorted part 
of the response function assumes a more complicated 
shape, but a region in which Ro can still be contained in the 
sensitive region. In this case, the number of undistorted 

(23) 

where Sg(Ro) is the slope associated with the geometrical 
response function. The areas of the energy distributions of 
events from each type of distortion, as well as the area for 
the combined distorted distribution are normalized to 
unity. The dashed lines, which result from Eqs. 22 and 23, 
produce significantly better agreement. The exception is for 
the slopes associated with large values of RQ. This is not 
surprising, since protons with long track lengths lose only a 
small fraction of their energy in the transition region and 
thus are not influenced by this region. 

These comparisons between the calculated and measured 
distributions indicate the importance of taking into account 
electric-field distortions. Once this is done, one can 
reproduce the measured distributions. It is also reassuring 
to see that it is possible to a good approximation to 
separate the two sources of distortion. The electric-field 
part of the response function dominates the total response 
function for short track lengths, and the wall-and-end part 
dominates it for long track lengths. Neglecting events from 
the end regions has not led to serious differences between 
the calculated and measured distributions. 
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Fig. 32. Calculated Distorted Part of Response Function for 
Counter with 1.27-cm Radius and an 8.25-cm Length Killed with 
Methane. The range R^ and corresponding energy £„ are 
indicated. The solid curve is the calculation, and the dashed curve 
is a fit with four Legendre polynomials. ANL Neg. No. 113-2316 
Rev. 1. 
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Fig. 33. Calculated Wall-and-End Response Function for 
Counter with 1.27-cm Radius and an 8.2S-cm Length Filled 
with 6.5 atm Methane. The range R„ and corresponding 
energy E„ are indicated. ANL Neg. No. 11 6-475. 

events is so small that they are not even shown on the 
figure. The bottom response function represents the region 
in which all tracks are distorted. The maximum energy a 

proton recoil can deposit is less than Eo 
It is not possible to unfold the neutron spectrum for 

energies above that at which all events are distorted. To 
accurately determine neutron spectra with proton-recoil 
proportional counters, the neutron spectrum above some 
energy E^-an energy somewhat below the energy at which 
all events are distorted-is required. This high-energy 
spectrum may be obtained from measurements with emul­
sions, foils, or other techniques or under certain conditions 
from calculations. In any case, the neutron spectrum above 
Ec is used to generate the corresponding proton-recoil 
distribution. The wall-and-end response function is then 
applied to this distribution to obtain the distorted proton-
recoil distribution. This distribution, which may be referred 
to as the downscatter distribution, is then subtracted from 
the measured proton-recoil distribution. The resulting 
distribution then has no contribution from neutrons above 
Ec. This proton-recoil distribution is then unfolded with 
the response function from Ec on down in energy to yield 
the proton-recoil distribution corrected for wall-and-end 
distortion. 

The way one applies the response function to correcting 
measured proton-recoil distributions depends on the com­
puting facilities available and the efficiency required. The 
response function for Eo above Ec has a rather complicated 
shape and is not amenable to parameterization. However, 
F(6) and N(C) may be parameterized over various ranges of 
i. Using a range-energy table and stopping power parame­
terization, the response function may be rather rapidly 
calculated. One then can generate the response function 
during the calculation of the downscatter distribution. A 
computer code for generating the downscatter matrix is 
presented in Appendix E. If end events are taken into 
account, one must evaluate the third and fourth terms on 
the right-hand side of Eq. 19. In that case, it would be 
better to develop a response matrix for Eo greater than Ec, 
which could be permanently stored. This matrix would be 
called out during the calculation of the downscatter matrix. 

For energies less than Ec, the distorted part of the 
response function at a given energy may be fit with the first 
four Legendre polynomials. In Fig. 32 the dashed lines are 
fits to the distorted part of the response function. The use 
of this parameterization for unfolding the data is outlined 
in Sec. XI. 

The undistorted part of the response function is repre­
sented by a delta function. One could take into account the 
resolution of the counter by smoothing the calculated 
response function. However, as pointed out in the discus­
sion of the electric-field response function (see Sec. VII.D), 
there are many factors that contribute to broaden the 
distribution, and furthermore, the intrinsic line shape is not 
known. A smoothing of the proton-recoil distribution is 
introduced by the numerical differentiation used to obtain 
the neutron spectrum. Smoothing the response function has 
little effect on the derived neutron spectrum [26]. 
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IX. CORRECTION FOR CARBON RECOILS 

When methane is used as the filling gas, the ionization 
spectrum contains not only proton recods and electrons 
from gamma-ray interactions, but also carbon recoils from 
elastic scattering of neutrons on carbon. A simple correc­
tion scheme for this effect has been described else­
where [26]. The topic is introduced here srniply for 
completeness. In Sec. X the influence of various corrections 
on a representative reactor spectrum is assessed; the 
influence of carbon-recoil correction is included there. 

In the correction scheme presently employed, a number 
of simplifying assumptions are made. It is assumed that the 
center-of-mass scattering cross section is isotropic and that 
it may be represented by 

Oc(E) = 
5520 

E-I- 1150' 
(24) 

with E in keV and OQ in barns. The cross section is known 
to have several resonances above 2 MeV and to be aniso­
tropic above 100 keV. A cross section that is isotropic in 
the center-of-mass produces a simple recoil distribution in 
the laboratory; for a given neutron energy, the number of 

recoils per unit energy is constant up to the maximum 
energy the recoil can obtain. For scattering on carbon, this 
energy is 28% of the incident neutron energy. One also has 
to know W for the correction. Limited measurements have 
indicated that, relative to protons, the carbon recoil creates 
about 75% as much ionization. It is assumed that this value 
holds for all energies, even though it is known that there are 
substantial changes in W for heavy fragments, especially at 
lower energies. 

The importance of the carbon-recoil correction will 
depend on the hardness of the spectrum. The harder the 
spectrum, the more important the correction becomes. 
Because of the assumptions used in correcting for carbon 
recoils, one does not like to see the correction become 
large. If the correction is greater than several percent, one 
might consider using a heavier gas to get a good stopping 
cross section, but a gas whose recoils are not important 
until lower energies. Krypton combined with hydrogen has 
been successfully used in proton-recoil proportional coun­
ters, and becomes increasingly attractive as an alternative to 
methane when the carbon-recoil component induces a very 
significant effect [32]. 
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X INFLUENCE OF THE VARIOUS CORRECTIONS ON 
A REPRESENTATIVE SPECTRUM 

In the previous sections, correction schemes were out­
lined for various sources of systematic errors encountered 
in the determination of neutron spectra with proton-recoil 
proportional counters. In this section, the extent of these 
corrections is assessed for a representative fast-reactor 
spectrum. The central spectrum in a mockup of the Fast 
Flux Test Facility core was chosen as the representative 
spectrum [33]. This facdity is to be a plutonium oxide-
fueled, sodium-cooled fast reactor. 

Figure 34 shows the measured central spectrum corrected 
for the various systematic errors together with a 
fundamental-mode calculated spectrum. The error bars on 
the measured points indicate only statistical uncertainties 
and do not include uncertainties associated with the various 
corrections. In order that a meaningful comparison may be 
made between the calculated and measured spectrum, the 
calculated spectrum, which was produced as a histogram in 
1/120 lethargy width, was smoothed with a Gaussian 
window whose width corresponded to the experimental 
resolution. Various scattering resonances are clearly seen: 
the oxygen resonances at 400 keV and 1 MeV, a chromium 
resonance at 50keV, an iron resonance at 30keV, and a 
sodium resonance at 3 keV. In general, the agreement is 
good, except in the neighborhood of the resonances. 

A. INFLUENCE OF ELECTRIC-FIELD CORRECTIONS 

Figure 35 contains the neutron spectrum derived from 
the uncorrected proton-recoil distribution and the spectrum 
from the electric-field-response-corrected distribution. The 
part of the spectrum derived from the methane-filled 
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Fig. 34. Central Neutron Spectrum in Mockup of Fast Flux 
Test Facility Core, Together with Smoothed Fundamental-
mode Calculation. ANL Neg. No. 900-308 Rev. 1. 

ENERGY, eV 

Fig. 35. Measured Neut ron Spectra from Uncorrected 
Proton-recoil Distr ibut ion. One Corrected with Electric-field 
Response Function and One Corrected with Electric-field 
Response Funct ion and for W Variat ion. ANL Neg. 
No. 1 16-372. 

counter data extends above 100 keV, and that from the 
hydrogen-filled counter below 100 keV. For both the 
methane and the hydrogen counter data, the correction is 
only applied at energies at which the track lengths are short 
(see Sec. VII.D). The assumptions under which the electric-
field response functions were derived break down for long 
track lengths. For the methane counter data, this energy is 
assumed to be somewhat lower than I MeV. Changing this 
cutoff energy within reasonable limits has little effect on 
the neutron spectrum. For the methane counter data, the 
correction becomes significant at the lower end of its range, 
i.e., below a few hundred keV. Both the shape of the 
spectrum and the shape of the response function as a 
function of voltage contribute to magnify the effect in this 
range. When the spectrum is rapidly falling off with 
increasing energy, the influence of the tail of response 
function from higher-energy events will be minimized. At 
the lower energies, the higher gas multiplications are used. 
The electric-field response function becomes more distorted 
as the voltage increases (see Fig. 18). Note also that the 
magnitude of the oscillation associated with the oxygen 
resonance is increased. 

For the data taken with the hydrogen counter, the 
influence of the electric-field correction is seen over the 
whole range. Since the hydrogen counter is only used in the 
short-track-length region (see Sec. V.A), the cutoff energy 
is above the top of the data. The larger effects are seen at 
the lower energies. Percentagewise, the correction is large. 
If the spectrum were not decreasing as rapidly with 
decreasing energy as in this example, the magnitude of the 
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effect would be about the same and the percentage 
importance of the effect would decrease. 

B. INFL UENCE OF W CORRECTION 

Figure 35 also contains the neutron spectrum derived 
from the electric-field-response-corrected and W-corrected 
proton-recoil distribution. W is assumed to be constant for 
the methane-counter data and for the hydrogen-counter 
data above 8 keV. The data above this energy are un­
changed. Below 8 keV the correction is significant and for 
this example is the same order of magnitude as the 
electric-field response correction. As for the electric-field 
correction, the percentage importance of the W correction 
depends on the spectrum shape. The large uncertainty in 
the value of W is seen to be the limiting factor in 
determining the spectra in the keV range. 

If Fig. 34 is reexamined, one notices that the positions 
of the resonances obtained from the methane-counter data 
are in systematic disagreement with the calculated reso­
nance energies. Accelerator measurements of pulse height 
versus energy rule out attributing all of the disagreement to 
W variation. As indicated in Sec. V.A, this disagreement is 
probably introduced by an excessive number of contami­
nants in the gas. 

C INFLUENCE OF WALL-AND-END CORRECTION 

For the example under consideration, the neutron 
spectrum above Ec—the energy above which one must have 
an independent determination of the neutron spectrum-
was assumed to be that predicted by a fundamental-mode 
calculation. EQ was chosen to be 2.5 MeV, and it was found 
that the energy dependence of the spectrum could be 
represented by 

N(E) cryie-E/T, (25) 

where T is a coefficient adjusted to fit the calculated 
spectra. It may be noted that the functional form is the 
same as that used to describe the fission spectrum, but with 
a different value for T. In making the downscatter 
correction, the calculated distorted proton-recoil distribu­
tion from neutrons above 2.5 MeV was normalized to the 
measured distribution between 2.5 MeV and the end of the 
measured data at about 3 MeV. Thus, only the shape of the 
neutron spectrum above 2.5 MeV was required. 

Figure 36 shows the neutron spectrum derived from the 
uncorrected proton-recoil distribution, the spectrum de­
rived from a downscatter-corrected distribution, and the 
spectrum derived from the downscatter- and upscatter-
corrected distribution. Only the data taken with the 
methane-filled counter are presented in the figure. The 
upscatter correction is for wall-and-end distortion suffered 
by recoU protons produced by neutrons with energies less 
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Fig. 36. Measured Neutron Spectra from Uncorrected Proton-
recoil Distribution, One Corrected for Upscatter Events, and One 
Corrected for Upscatter and Downscatter Events. ANL Neg. 
No. 900-301. 

than EQ. The downscatter correction significantly reduces 
the spectrum for energies greater than 1 MeV. The com­
bined downscatter and upscatter correction raises the high 
energy end of the neutron spectrum, but has little effect at 
lower energies. It is interesting that the complete wall-and-
end effect corrected neutron spectrum is not much differ­
ent than that derived from an uncorrected proton-recoil 
distribution. This situation will usually not apply for 
neutron spectra with shapes significantly different than that 
of a degraded fission source. It is difficult to ascertain the 
uncertainty associated with the wall-and-end correction for 
energies above 1.5 MeV. Part of the problem is associated 
with uncertainty in the energy calibration and part with 
uncertainty in the response function introduced by neglect­
ing events entering the sensitive volume from the end 
region. 

D. INFLUENCE OF CARBON-RECOIL CORRECTION 

Figure 37 presents the neutron spectrum derived from 
the uncorrected proton-recoil distribution and the spectrum 
derived from a proton-recoil distribution corrected for 
carbon recoils. The correction becomes significant at lower 
energies. As long as the neutron spectrum is falling off 
rapidly with energy, carbon recoils from higher-energy 
neutrons will only slightly distort the rapidly increasing 
proton-recoil distribution. Because of the approximations 
contained in the carbon-recoil correction scheme, one 
would like to see the extent of this correction remain small. 
For the neutron spectrum under consideration, the size of 
the correction is rather large at the lower energies. 

In summary, the corrections for the most part can be 
considered as small perturbations on the spectrum. This is 
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Fig. 37. Measured Neutron Spectra from Uncor­
rected Proton-recoil Distribution and One Corrected 
for Ionization from Carbon Recoils. ANL Neg. 
No. 900-302. 

rather reassuring since the various correction schemes 
contain simplifying assumptions which limit their accuracy. 
Furthermore, the order in which the various corrections 
were applied introduced almost no change in the resulting 
neutron spectrum. This encourages the conclusion that the 
corrections are to first order separable. Of course, some 
care must be taken in extending these conclusions to a 
spectrum with a substantially different shape than that of a 
degraded fission source. 

Accuracy at lower energies is presently limited by 
uncertainties in the variation of W. At higher energies the 
accuracy is limited by uncertainties as to the extent to 
which inclusion of events from the ends might alter the 
wall-and-end response function. An uncertain relationship 
of pulse height to energy for proton recoils stopping in 
methane also limits the accuracy. 
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XI, CODES FOR DATA REDUCTION FOR PROTON RECOIL 
NEUTRON SPECTROSCOPY 

The small computer used as part of the pulse-analysis 
system for collecting proton-recoil spectra is also used 
extensively for reduction of data at the termination of an 
experiment. This reduction is done with standard 
FORTRAN programming. The number of codes and the 
way in which they are written reflect the very limited 
capability of the machine and its software. A larger 
computer would be able to manage several of these 
reduction codes simultaneously. A breakdown of the 
analysis into several steps is, in some respects, not undesir­
able. Admittedly, some time is lost in the paper-tape 
communication of data from succeeding stages of the 
reduction, but results from each step are preserved and the 
progress of the reduction is readily followed. A consider­
able amount of computational detail to provide electric-
field and wall-and-end response functions must necessarily 
be done with larger, faster computers. Those codes are 
described in Appendixes B-E. Once the parameters have 
been generated for a given detector and its operating 
conditions, they may be used in the reduction of data from 
any spectrum measurement. Only the small computer is 
necessary. The composition and use of the data-reduction 
codes are discussed in this section. 

A. INITIAL FORMA T OF UNCORRECTED 
PROTON-RECOIL DA TA 

Ionization spectra are accumulated at various voltages 
with a methane-filled and a hydrogen-filled counter. Due to 
memory capacity during the data reduction, the maximum 
number of voltage runs is limited to eight, and the 
maximum number of these that may be taken with the 
methane-filled counter is limited to three. Ordinarily, eight 
runs will suffice to provide data over the energy range from 
I keV to about 3 MeV, which is near the practical 
measurement limit for the counters described in Sec. II.B. 
It is desirable to have as much overlap as possible for 
adjacent voltage runs, since the quality of results will be 
refiected in the closeness of agreement of spectra in overlap 
regions. 

For each ionization spectrum at a given voltage, the 
keV-per-channel ionization scale factor A(J) and a normal­
ization factor C(J) are known. A(J) are determined through 
calibration with sources of known energy as described in 
Sec. V. C(J) are the product of live times and hydrogen 
atom number in the effective detector volume (in units of 
10^" atoms). This information becomes part of a header 
tape. 

The ionization spectra are each of 100 channels extent-
the upper 100 channels of a 128-channel (linear to full 
scale) spectrum. The lower 28 channels are ignored during 
the analysis because electronics noise compromises the 

data. Each point of the spectrum consists of two single-
precision numbers (six digits), the second of which is the 
overflow count. The maximum single-precision number 
stored in the computer is 2' ' - I = 131071. (The 18th bit is 
the sign bit and is not used.) 

B. CODES 

The various Proton Spectrum to Neutron Spectrum 
(PSNS) codes are described below. The codes and tables 
describing the input formats are listed in Appendix F. 

;. PSNSI 

This code is intended as a survey of an experiment 
immediately after termination. Any measurement problems 
will probably show up in this survey. The heading material 
is read in. and then each of the hundred-channel spectra. 
The spectra are normalized and denoted by RAPS. 

According to the sense-switch options, the data may be 
written onto the storage scope either over an interval 
(input) of voltage sets or over an arbitrary ionization range. 
Before plotting, the distributions are scaled to the range of 
maximum scope deflection. 

The spectrum RAPS may be punched on tape; this tape 
is in format to serve as input to the remaining PSNS codes. 
A sense-switch option permits rereading an output tape. 
This feature is sometimes useful for a scope inspection of 
data from a completed run. 

2. PSNS-2 

This code corrects the spectrum with the electric-field 
response function (see Sec. VII) and for W variation (see 
Sec. VI). 

If R(I,r) denotes the response function by which an 
event initially of amplitude I' leads to a measured effect of 
amphtude I (l' > I), the measured distribution M(I) in 
response to a source distribution S(I) is 

M(I) = y"°°R(I,I')S(I') dl'. (26) 

It is assumed that the response function can be written as 

R(/,l')= [A5(I-r)-i-BRo(l,I')]/I'. 

where 

/ „ 'Ro( I , I ' ) d I / r 

(27) 

(28) 
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and also that A + B = 1. A and B are the integral amplitudes 
for "on-diagonal" and "off-diagonal" terms, respectively. 

We recognize that this procedure is overly simple. As was 
discussed in Sec. VII.D, it is not possible to parameterize 
the response in this simple way, since the response is a 
smoothly varying function of amplitude and the delta 
function contribution is actually nonexistent. 

If Eq. 27 is placed into the integral of Eq. 26, the result 

S(l) = 
M(I)-Br°°R„(I,l ')S(l ')dl7l ' ^29) 

IS obtained. By proceeding with the correction from high to 
low I values, we remove the effect of "off-diagonal" effects 
from higher ionization events from the distribution. 

In PSNS-2, the response function describing the effects 
of nonideal electric fields is expressed as an expansion in a 
polynomial (fifth order) of the form 

R(1,I') -1 
1=' 

PC(J) 
iV-i 

(30) 

The six coefficients and a normalization (AREA) for each 
voltage are sufficient to describe, in an approximate way, 
the response function. The coefficients PC are input such 
that the integral over R (with the argument l/I' ranging 
from 0 to RHl) is unity. AREA is the fractional weight of 
the "contained" part of the response defined to include 
amplitudes in excess of RHI of maximum. 

Input to PSNS-2 consists in addition to the A and C 
values, i.e., the header tape (common to all codes) of cutoff 
values COME and COHY for both methane and hydrogen 
chambers. Following these are AREA values expressing the 
fraction of events in excess of some fraction RHl of 
maximum for each chamber and voltage. Next are the six 
coefficients from which the response (normalized) can be 
derived at any amplitude below RHI. Last is the fraction 
RHI (usually set to 0.7) separating the response into 
diagonal and off-diagonal parts. These data are contained 
on the electric-field response function tape. 

The cutoff values COME and COHY require comment 
(see Sec. VII.D). The integral in Eq. 29 cannot be extended 
infinitely, since the data are never that extensive and, in 
addition, the response function produced for the field 
distortion was generated on the assumption of a point-like 
proton track extension. As track lengths increase, an 
automatic spatial averaging over the axial counter direction 
occurs (together with wall-and-end truncation effects). This 
averaging will rather quickly cause the field-response 
distribution to lose its low-amplitude tail. To account for 
this effect, the field-response correction integration in 
Eq. 30 terminates when ionization exceeds the cutoff value. 
The contained fiaction AREA is increased by the fiaction 
of response function that is in excess of cutoff to preserve 
the correct normalization for the correction and to allow 

for the change in response shape for long tracks. 
The effect upon the correction of changing this cutoff 

value over a reasonable range is very slight. The two-
parameter mode of pulse analysis used to accumulate 
spectra and described in Sec. I also provides a method of 
estimating the cutoff energy. The width of the fast-rising 
(proton-recoil) component broadens quickly at energies for 
which track extent starts to increase. 

The response-function integration in PSNS-2 is a correc­
tion to the ionization spectrum; as a consequence, no 
effects involving W (energy per ion pair) enter. After the 
correction is made, however, the ionization spectrum RAPS 
IS divided by W. All subsequent use of RAPS will assume it 
to be spectra per unit energy. The data for W correction is 
contained on the W-to-ionization and energy-to-ionization 
tape. 

The scope display is organized to allow the spectrum to 
be plotted before and after the electric-field response 
connection. 

i. PSNS-S 

PSNS-3 treats response corrections to the data taken 
only with methane counters. It corrects with the wall-and-
end response function and for the effects of carbon recoils. 

The code has an option to allow subtracting from the 
proton spectrum RAPS, a spectrum calculated to be the 
downscatter from track truncation effects occurring above 
an energy RLME which is input (see Sec. VII.C and 
Appendix E). A normalization of the calculated down-
scatter spectrum to the data over energies above RLME is 
made prior to subtraction. RLME must be chosen some­
what less than the maximum energy point and not above a 
point where the Legendre parameterization of the response 
loses significance. In practice, RLME will usually be 2 MeV 
or above for the counters described in Sec. II.A. 

The carbon-recoil correction described in Sec. IX is 
made next. It requires the neutron spectrum at energies 
higher than the point at which the correction is made. An 
adequate neutron spectrum is produced by first neglecting 
the carbon-recoil problem and the wall-and-end problem 
and analyzing the uncorrected methane data. Fortunately, 
this correction is usually small. 

After the downscatter and carbon-recoil corrections are 
made, a correction for upscatter is made (see Sec.VIII.C 
and Appendix D). The approach, by correcting the distribu­
tion from high energies downward, is basically the same as 
was discussed under PSNS-2. Since the "off-diagonal" 
response is energy-dependent, the expressions are corre­
spondingly more elaborate. 

The response function has the form 

R(E,E„) = CLEC(1)8(E - E„) t CLEC(2) 
s 

+ CLEG(2) Y. CLEG(I)P,.,(E/E„), (31) 
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where Pi are Legendre functions. The five amplitudes CLEG 
are generated from a polynomial expansion (fifth order) in 
energy. The coefficients of the expansion are designated by 
CPFT. The first coefficient CLEG(l) is the "diagonal" 
amplitude, the number of events (relative to unit-sensitive 
volume) that originate in the sensitive region and stop 
without truncation. The next four coefficients, CLEG(2) 
through CLEG(5), are coefficients of the analysis of the 
off-diagonal distribution using the first four Legendre 
amplitudes. 

CLEG(2), the first term in the Legendre analysis of the 
off-diagonal distribution is also the integral of the off-
diagonal distribution, and the sum CLEG(l)-i-CLEG(2) 
would be unity if no contribution to the distribution from 
events originating in the dead region at counter ends 
occured. As was discussed in Sec. VIII.A, the contribution 
from events entering at ends is small relative to the totality 
of events and may be neglected without serious error, 
except for the high-energy, long-track events, which are 
relatively few in number. These events were not included in 
the calculated response function, but the codes described 
here will accommodate them if desired. 

The first four Legendre functions of argument 0 < x < 1 

(32) 

P, = 1 

Pi = 1.722(2x- I) 

P3 = 2 236[6x(x- I)-!- I] 

P4 = 2 .646 |x[ I2-x(30-20x)] - l\ . 

The amplitude of each Pj is determined by analysis of the 
off-diagonal finite-range problem. The Legendre polyno­
mials in Eq. 32 are orthogonal and unit-normalized from 0 
to 1. 

The expansion coefficients CPFT as used in the code are 
not directly those determined by analysis with the func­
tions of Eq. 32. Some rearranging was done for convenience 
and in order to avoid repetitious computation time. The 
last four CPFT coefficients, as input, are related to those 
derived in the following way; 

CPFT(2) for P, = derived coefficient, 

. (derived coefficient) 1.732 
CPFT(3) for P2 

CPFT(4) for P3 = 

CLEG(2) 

(derived coefficient) 2.236 
CLEG(2) ' 

and 

(derived coefficient) 2.646 
CPFT(5) for P, = ^ cLEg(2) 

(33) 

The response-function expansion is valid only in the energy 
region below RLME. 

The scope plotting routines in PSNS-3 display two distri­
butions (RAPS, COPS) simultaneously. In this way the effect 
of each correction can be seen directly. Arrays may be trans­
ferred between RAPS and COPS; this must be done, for 
example, after the carbon-recoil correction and before the 
finite proton-range correction, since the RAPS are consid­
ered "uncorrected" and the COPS "corrected" distributions. 

4. PSNS-4 

This calculation continues the finite proton-range correc­
tion to data for the hydrogen counters at lower energies. If 
corrected methane spectra are available, these may be read 
in. The coefficients that parameterize the response func­
tion, CPFT, are of the same type used in PSNS-3 (they are 
relevant, of course, to the hydrogen gas filling which has 
less stopping power than methane). The limit energy for use 
of these response functions is input as RLHY. 

The response-function tape format is the same as for 
PSNS-3. Both methane and hydrogen data are placed on a 
single tape; the methane numbers are deleted prior to 
reading those for hydrogen. 

Due to the numerical tedium involved in generating 
appropriate response functions at each energy used in the 
integral, PSNS-4 requires a relatively long running time 
(approximately three hours) for a full data set. For 
fast-reactor spectra the effect of this correction is small and 
in most cases can be ignored altogether. 

5. PSNS-5 

The series of codes described up to this point has dealt 
with the proton distribution exclusively. Corrections for 
various nonideal response effects are made within the 
framework of PSNS codes 2, 3, and 4, and the end product 
should be the ideal density (per unit energy) of recoil 
events. 

The extraction of a neutron spectra is a very simple 
procedure (see also Ref. 2). The slope of the proton 
distribution is derived at a series of equally spaced (in 
lethargy) energies. Factors involving energy and the known 
n-p scattering cross sections are applied to produce the 
neutron spectrum (see Eq. 1), and a calculation of the 
resolution (at each energy) is made. 

In addition to the header tape and the tape relating 
energy to ionization, information is entered on the teletype 
keyboard. 

RA and RB specify the slope-taking half interval STHW, 
which is derived from the equation 

STHW = V R A ' - I -RB^/E. (34) 

At each energy in a sequence (with lethargy spacing DINC) 
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of energies, EDEN, data within the range ±STHW are 
searched out and the slope and error computed. This is 
done for each set of data that include changes in counter 
type as well as changes in voltage for a given counter. Data 
are read in set by set, and neutron spectra derived from 
data for the set of EDEN values spanned by the set. Where 
data from different sets overlap, a (statistically) weighted 
mean is produced at the value of EDEN. 

Equation 34 generates an energy-dependent slope-taking 
interval which increases (if RB is nonzero) with decreasing 
energy. If RB is taken to be "^0.8, the purely statistical 
effects that broaden resolution will be of about the right 
magnitude. Since the ultimate resolution attainable will be 
limited by statistics and since no additional accuracy is 
achieved by using slope-taking intervals less than statistics, 
the prescription in Eq. 34 will permit a gradual increase in 
slope-taking with no loss in overall accuracy. 

The intrinsic resolution FWHM for a detector with a 
mechanical resolution (full width half maximum) of FW is 
derived from the expression 

FWHM = yFvFToAT/E. (35) 

As energy increases, the statistical contribution, 0.17/E, 
becomes insignificant and only the "mechanical" part 
remains. The effective resolution achieved here is depend­
ent upon both the slope-taking interval and the intrinsic 
width; a discussion in detail has been provided in Ref. 2. 
Values for mechanical widths for methane and hydrogen 
are required as input, and the code produces an effective 
resolution FWHM at each EDEN value and outputs this 
number together with flux and error at the termination of 
the problem. 

An input option will cause neutron spectra to be com­
puted only for the methane detector. This option may be 
used for the carbon-recoil correction described in PSNS-3. 

The punched output of PSNS-5 consists of an energy, 
flux, statistical error, and effective resolution for each 
nonempty value in the energy sequence generated by DINC. 
A scope plot of the neutron spectrum may be done prior to 
punching. 
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APPENDD( A 

ANAL YSIS OF GAIN- VOL TA GE DA TA 

The short FORTRAN program that follows is used to fit 
the measured multiplications as a function of voltage with 
the prescription 

log A 

vQ 
= CI*V-fC2, (A I) 

iMEL, siiznar E 

where V is the voltage and Q, CI, and C2 are constants. 
Input data consist, initially, of voltages and corresponding 
gas multiplications (a total of N points). 

A request for the voltage power factor Q is made, and a 
number (usually near unity) is entered on the teletype 
keyboard. The coefficients CI andC2 are determined from 
a least-squares fit and the root-mean-square deviation of 
fitted A from measured A is printed. The process may be 
repeated for different Q until a minimum rms deviation is 
found. 

Raising sense switch 2 will cause the quantities CI and 
C2 (slope and intercept) to be printed together with a table 
of input-voltage values, input multiplications, fitted multi­
plications, and the percentage deviation. 

If, after the table is completed, sense switch 1 is 
observed to be up, six additional numbers are read from 
paper tape. The first three are voltage limits and a voltage 
increment used in forming a calibration table of energy full 
scale and energy per channel. The following pair of 
numbers, VREF and TEST, are a particular voltage and 
corresponding peak channel value for the '''N(n,p)''*C 
(615 keV) reaction used in the calibration (see Sec. V.B). 
The last number, EXCS, is the ratio of the 615-keV proton 
pulse height that would occur with an arbitrarily long 
amplifier integrating time constant to the actual pulse 
height. EXCS for methane will be close to unity, but for 
the slower hydrogen-filled chambers, especially those of 
large diameter, it may be as high as 1.10. 

I'Jk; 

.ie> vtrvLL'VQin 
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APPENDIX B 

ELECTRIC-FIELD CALCULA TION 

A finite-difference solution to Laplace's equation for the 
electrode structure of Fig. 14 was sought. The peculiar 
feature of the problem is the relatively small ratio of anode 
to cathode. Typically the cathode radius is 1000 times the 
anode radius, while the field-tube radius is about 10 times 
the anode radius. 

One would expect that any finite-difference approxima­
tion would have to possess a relatively fine radial and axial 
mesh spacing near the tip where potentials undergo a rapid 
variation. However, if a uniform spacing comparable to 
anode size is chosen in both radial and axial dimensions, an 
unreasonably large array results, and convergence is very 
time-consuming. 

The problem has cylindrical symmetry, and it is conve­
nient to map radial distance, r, into a dimensionless 
variable, u, according to 

u = log (r/a), (Bl) 

where a is the anode radius. For infinite coaxial cylinders, u 
is the potential at any point in the region a < r < c, with c 
the cathode radius. The mapping u = log (r/a) permits a 
coarse u-mesh to contain a relatively large number of points 
in the radial region between the anode and the outer-field-
tube radius. If, in addition, the axial dimension z (whose 
origin is the field-tube-anode discontinuity) is measured in 
units of a, Laplace's equation becomes 

a3!V, 
3u^ 

3M/ 

3z^ 
= 0. (B2) 

Boundary conditions were chosen as follows: At the 
midplane, due to symmetry, the axial electric field vanishes 
for all values of u. At the absolute end, distant from the 
field tube tip and measured along the end region, potentials 
appropriate to infinite cylinders. 

V = i2iWb)i2i(£/5) 
log (c/b) (B3) 

with b the field tube radius, were usuaUy assumed. If 
desired, other than infinite cylmder values for the radial 
potential values along the absolute end may be input. In 
practice, a complication in the form of electrical insulation 
exists at the absolute end. The actual end boundary will not 
influence the anode field significantly if the field tube 
extends more than about 1.5 cathode radii into the 
counter. Also, it was observed that axial potential gradients 
were quite small as distance along the anode exceeded 
about 1.5 cathode radii. 

In the radial direction, the potential was maintained at 
zero over the anode and end electrodes and was set to the 

value log (c/a) at the cathode. 
A choice of mesh spacing along the u and z dimensions 

was made in a way consistent with the mapping of r into u 
and with the requirement of a dense mesh near the tip. A 
fixed interval, H. sufficed along u. A z-mesh was chosen in 
which successive mesh intervals increased by a fixed ratio, 
7, as distance increased both along the anode and end 
regions. The progression, 7, will differ over anode and end 
regions if the number of mesh points in these regions 
differs. If the zeroth mesh point is taken at the anode-end 
interface, the kth mesh spacing is given by 

Azk = BASE 7^-1, (B4) 

where BASE is the initial mesh interval, for both the anode 
and end regions. After a total of N intervals, the axial 
distance to the Nth point is 

z = BASE (-yN. ])/(.),. i). (B5) 

A first-order approximation to the second derivative of 
V at the z-mesh point k is given by 

'V ["V(zkf)-
I2' "L Azk-f 

V(zk) V(zic).V(zi< 

Azk 

,|)"| /AZ|(4. | * Azk 
(B6) 

Equation B2 and the approximation of Eq. B6 lead, with 
a little manipulation, to the following finite-difference 
relation at the radial mesh point) and axial point k: 

V(kj) . TI [V(k t 1 j) t •yV(k-i j)l t V(kj -1) t V(k,| t I) 

(B7) 

where 

and 

T I = T 2 / ( I + 7 ) , 

T2 = 2H^expl2(j-l)H]/7(Azk)^ (B8) 

H is the mesh interval along u. The initial u-mesh point (j = 
1) is taken at the anode surface. The factor 7 weighting the 
term V(k - 1 j) in Eq. B7 is due to the second finite-
difference approximation applied along the z axis where 
successive intervals are of slightly different extent (their 
ratio is 7). 

Equation B7 is the elementary result solved by repeated 
iteration. The starting potentials over both the anode and 
end regions are those appropriate to infinite coaxial 
cylinders. The radii of the field tube (inside and outside) 
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are adjusted by the code to agree with the choice of mesh 
interval, H. Consequently, the problem solved will not, in 
general, be exactly the desired one; parameters for the 
problem solved are listed by the code. 

The iteration proceeds initially along the anode for all 
kj values with k in excess of the tip mesh point. Iteration 
over the end region follows, first for j values in excess of 
the outer-field-tube radii, and finally, inside the field tube if 
the field tube is chosen to be "hollow." The prescription 
(Eq. B7) is slightly different for j (radial) points at the 
tip-end discontinuity, since the adjacent k (axial) mesh 
points both have the same spacing. 

The input data and its format are listed in Table B.I. The 
total number of iterations performed is determined by the 
convergence requirement that the greatest change in anode 
field V(k,2) not exceed 10"* times the asymptotic value of 
field between 1000 iterations. The problem, as presented, is 
well converged after about 10,000 passes, this number 
depending upon mesh size. For a problem with adequate 
dimensioning (NANO =110, NEND = 30, NUMP = 30), an 
iteration time of about 3 hr on an SEL-840 with hardware 
arithmetic was required for convergence. The code listing is 
for a version run on an SEL-840 computer with 16k of core 
memory. It appears that 16k is adequate; use of radial 
arrays larger than those in the DIMENSION statement will 
improve the accuracy of the electrical-volume calculation 
somewhat at the expense of additional time required for 
convergence. 

The sensitivity of the computed field to parameter 
changes was studied. It was noticed that some deviation of 
the computed field occured if the initial mesh spacing 
(BASE) exceeded four anode radii. Most runs were made 
with BASE set equal to two radii. At least 75 anode mesh 
points (NANO) were required to produce a field suffi­

ciently smoothly varying for use with the calculation in 
which the counter response function was derived and 
parameterized. Only a small change in anode field was 
observed on increasing the radial mesh (NUMP) from 
10 to 30 points. However, a fine radial mesh structure is 
desired to improve the calculation of electrical volume, and 
most runs were made with the full 30 radial mesh points. 

A series of boundary potentials at the absolute end 
(NBND > 0) was input, and the effect upon anode field 
observed. On the assumption that the field tube extends 
1.5 radii into the counter, no significant perturbation upon 
anode field could be seen from reasonable assumptions 
concerning potentials at the absolute end. 

No significant effect upon anode field was observed 
when a "hollow" tip condition (TIRA > 1) was employed. 

After convergence has been obtained, a map of potential 
along the radial for each axial mesh point is printed. It is 
possible to estimate the direction of the electric field at 
each point; the tangent of the field angle is the ratio of the 
axial field component to the radial component. The axial 
potential gradient over the kth mesh interval at the radial 
mesh point) isjust 

|V(jJ<+I)-Va,k)]/Azk, (B9) 

the difference between successive potentials along the axial 
divided by the corresponding interval. The radial potential 
gradient at the axial mesh point k is 

dr • 

dV 
du 

du_ 
dr ' 

dV 
du 

1 V(] -H,k) -Vak) 1 
H 

(BIO) 

where H is the fixed radial mesh interval. 
During •alculation of the path of field lines, the 

subroutine ANGLE (RZ) is used to determine the sine and 

TABLE B.I. Input for Program That Determines the Electric Field and Sensitive Volume 

Variable Format Description 

NANO n o 
NEND n o 
NUMP 110 
NPRN n o 

Number of mesh points in the anode. 
Number of mesh points in the end. 
Number of mesh points along the radius. 
Block iteration count; after NPRN iterations, the block iteration 
and maximum change in anode field may be printed depending 
on sense switch options. 

Greater than zero if absolute-end boundary potentials are to be 
input. 

Length of anode in units of anode radii. 
Length of end in units of anode radii. 
Initial z-mesh spacing in units of anode radii. 
Cathode radius over anode in units of anode radii. 

Outer-field-tube radius in units of anode radii. 
Inner-field-tube radius in units of anode radii. If set to I.O, 
problem solved for solid-field-tube configuration. 

Cathode radius over ends in units of anode radii. 

Radial potential boundary values for the absolute end if infinite 
cylinder values are not used. NBND must be positive. First 
potential is zero and last equal to log (CATH). 

After convergence is obtained, the direction of field lines may be determined by a sense-switch 
option. The anode terminus of a field line START, in units of anode radii, and the fixed path 
increment DEL, in units of anode radii, are input in F8.2 formal on the teletype. 

DANO 
DEND 
BASE 
CATH 

TORA 
TIRA 

EIRA 

BNDR 

E12.5 
E12.S 
E12.5 
E12.5 

E12.5 
E12.5 

E12.5 

6E12.S 
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cosine of the field at any radial and axial distance r z. A 
fixed path increment, DEL. is propagated from anode to 
cathode; its orientation to the radial direction is computed 
by ANGLE as its proceeds along. According to a sense-
switch option, one may select a particular anode terminus 
of a field line and follow the detailed path taken by the 
field hne to the cathode. In addition to the anode starting 
point, a path length DEL is needed as input. The 
accumulative radial and axial termini are calculated as the 
total path, in increments of DEL, until finally the cathode 
IS reached. The number of increments and the field angle 
and position are provided as output. From these calcula­
tions, pattern diagrams such as shown in Figs. 16 and 21 
may be drawn. 

The electrical volume enclosed by each axial mesh point 
is essenfial for a response function derivation, since the 
difference in volume enclosed by successive points provides 
the weighting appropriate to events in corresponding 
gas-multiplication intervals. By a sense-switch option, a 
terminal calculation is done in which DEL is set to 3.0 and 
the electrical volume calculated point by point. Decreasing 
DEL below 3.0 did not improve the accuracy of the volume 
calculation. As the calculation proceeds, both the near-
anode potential (proportional to electric field at the anode 
surface) and the electrical volume are punched for use as 
input in the response-function determination described in 
Appendix C. 

The FORTRAN code listing follows. 

E L E C I R K - l E l D Ot Tf RHIN»T lOM FOR C T L I N D H I C i L P « O P O R I I D « » l COUMTERS 
d l l M SIMPLE E N O - O F F I N I T I O W S I R U I T U R t S . VERSION FOR T H t S E L - « * 0 . 
DLL OrnENSIONS ARE I N UNITS OF IFIOD E MIRE R I D I U S . 
DIHEHSIOH ? a > I S «RR(T NOT C R E I I E O I H I H I SELDU H « ( I H U n . 

IMODE. END. AND R I D U L D I R E C T I O N 

I N I T I A L AND / 

1 f O I » H » H S l l D l 
2 F 0 B H » T ( 6 E l 2 . S I 
3 EORflAH 50H NESH POINTS I N 

K ^ X . I I I O I 
t h U f » i a i i ' / / ( 7 H INOOE l E N C T H , PRQORCSSION I 

JI)3H F I M L ME.H SPACINCS t l D t t C WIiRE - f 2 K . « E U . S ) 
5 E U f M A I I / z / S l H F l t L D TUBf LENCTM, PHOCfiESSIOH f A C I O B . I N I T I A L AND / 

X j / H F INAL H E : , H SPACINCS ALONG END - I It.KiM. .•]> 
6 r a ( t M * T I / / / t 7 H ACIUAl. O'JTER I I P RADIUS AND RADIAL MESH P O I N T - / 

< ; > . f l 0 . 2 . l i a / ' / ' . 7 H ACIUAL INNER. I I P RADIUS AND RADIAL M I S H P O I N I -
> / ^ « . F 1 0 . ? . M O / / / 4 2 H ACTUAL EHD CATHODE RADIUS AND RADIAL MESH 
« TH P O I N T - / 2 « , F 1 0 . ; , I l O i 

7 E 0 H M A T I / / / 3 0 H I T t R A T l D N S DONE I N BLDCHS OF- / ? I 1 . 1 1 0 ) 
g f O R N A T l l H i n H I T E R A I i u N CICLES TO THIS POINT - 1 1 0 / / ) 
4 > 0 R H A I t l ( . U . E 8 . 2 . 1 D F I 0 . 5 ) 

10 lORHATI IHI?<>H INCORRECT INPUT HESF DATA 1 
11 F O R H A I ( / / U H POINT o r S T . J C I K , 3 2 H RADIAL POTENTIAL V A R I A I I O N I 
i ; F 0 R n A I t l 6 . 3 ( 6 X . E I 2 . S l l 
I ) F O R N A I M H l l S H ELECTRIC F I E L D 0 ET ERHI NATI ON F CR CVLINORICAL 

X 6 I H PROPORTIONAL COUNTERS WITH SIMPLE ENO-HF F I Nl TI ON STRUCTURES. 

U IJRHATI / / 1 8 K T H E C A I M O O I RADIUS OVER THE ANODE 1 ^ - IliX.Ha.i / / 
I 36M IHF CATHODE RADIUS OVER IHE END I S - / 6 X . F I 0 . 2 I 

15 FORMATI I H l / / J O H F I E L D L I N t ^ ^ E R H I ^ A I E A l ANOOE A NO CATHODE AT THt 
( I 8 H I DISTANCE SHOMN. l/lbH ZHESHBX.6H A N O O E U ' . S H CAIHODE / ) 

16 FORMAT! l 6 . ; F i i . 6 1 
17 FDRMATWiTH INPUT ANOOE l E R H I N U S AND INtREHEHT I F 8 . 2 / F 8 . i l / I 
IB F U R N A I I F a . ! / F S . 2 1 
I * FORHAII 1 H L . 3 0 X , 2 1 M f l E L O ANCLE V A H I A I I D N . / / / 

» * « . ? H H T X . l l H SINE ANCLE f . « . l ? t l A«IAL O I S T . b X . D H RADIAL O I S T . ) 
201 f O R M A T f / i O K , lUH VOLUME ENCLOSE!) I S - E t ? . 5 t 

READ I 3 . I INAND.NENO.NUNP.NPRN.NBND 
N E A D I 3 . 2 ) O A N U . D E N D . S A S E . C A T H 
R t A D I j . 2 I T 0 R A . I I R A . E IRA 

FIX THE MESH SPACING ALONC THE RADIAL AND F I N 
A C I U A U T CORRESPONDS TO IHE OUTSIDE SURFACE 0 
AND TO IHF INSIOb SJRFACt OF THE F I E L D TUBE I 
ALSO FIX THE I N S I D E ENO-RECION HE SH POINT NEM 

A N O - t X P ( H > F L 0 A I ( J T l P - l l » 
J I N S ^ l - I F l X I A L O C I I I R A > / H * 0 . S 1 
A K I ^ t « P < M < F L O A T ( J I N S - 1 > > 
J I M I = l F I l ( t A L U C ( E I H A > / H » 0 . S 1 
A I N D ^ E X P I H ' F L U A T l J I H l ) 1 
NEMP = J 1 M 1 * 1 
J t l O T I P * ! 
i r ( J l n l - J T U b ) . b 3 . ) 0 

30 0 0 3 6 J ^ ? . N U M P 
36 T1:RMIJ I = H ' H . £ K P ( 2 . 0 « H « F L 0 « T ( J -

VE . F I R S T P O T E N T I A L NUST BE 0 . 0 > 

IF I N B N 0 ) 2 S . ; S . 2 6 
ib R E A O < 3 . 2 I I B N D R I J l . J = ] 
2S H-NANO 

L=NEN0>1 

ACTORS I R A N O . N E N D ) F'OR BOTH I 

N-

S9 AN 

b3 MR 

62 NC 
Dt 
R-

IF 
52 R^ 

CU 
51 R = 

OE 
NC 
IF 

54 ^^ 

4AN0 
7AN0 BASE 

F L O A K N I 

T E l 

- 0 . 
. 0 1 

« - T 
- O t 
TO 
-OE 
^OE 
N C -

N R I 
b l RANO=R 

NR 
X: 
N= 
CU 

N H -

1 6 3 . 6 
. t O I 

1 

S I . 5 1 

3 

/ l O . O 

A , 5 3 . 
& 0 , 6 0 . 

l E N D / e A S E 
DEND 

ro 
6 0 REND-R 

9 

3 . 6 2 

5^ 

53 
61 

C F I N D THE NAKINUH XESH SPACING AND THE TRUE ANODE AND END LENGTHS. 
C 

SaNO = e A S E < ( I A N D " l F L a A I ( H A N a - l l I 
S t N O - B A S E > R E N O ' > I F l O A T l H E N D - l l I 
t A N O ^ ( H A N O « S A N 0 - B A S E I / < R A N 0 - l . O I 
EEN0= I R E N O ' S t N D - B A S E ) / ( R t N D - l . D I 

C 
C L I M I T THE LEFT 1T ERA T ION Wt T H I N F I E X D TltBE TO 2 0 P O I N T S OR L E S S . 
C 

I C l F T ^ l 
I F I H E N D - 2 0 1 6 ^ , 6 * . 6 5 

6 5 K L F I : N E N 0 - 1 < > 
C 
C F I X SOHE VARIABLES USED I N I H E I T E R A I I O N . 
C 

64 W l A - l . O / I R A N U ' R A N O I 
U l E - 1 . O / O t E N O ' D E N D I 
U 2 A = 1 . 0 / C 1 . 0 > I I A H U I 
U 2 E > 1 . D / I 1 . 0 * R E N D ) 
I / A O = 2 . 0 / I B A S E ' e A S E * R A N O I 
T 2 E D ^ 2 . 0 / I B A S E ' e A S £ ' R t M > ) 

C 
C FORM BOUNDARIES AND S T I R T I N C P O T E N T I A L . 
C 

0 0 2 1 K ^ L . n i 
0 0 7 1 J - l . N U N P 

21 ¥ I K . J l = f L O A T ( J - l ) > H 

Da2« 

F L O A T ! J - J T I P X U H A I l / 

= NENP.NUHP 

K i N E N P - J T I P ) 

0 0 2 3 K - l . L 
0 0 2 1 J - I , J T I P 

23 V I K . J M O . O 
0 0 2 0 K - L . H L 

20 I n N I ( K ) = V I « : . 2 I 
A I T R ^ O . O O O K V ( n L . 2 ) < f L 0 A T ( N P R H ) / 1 0 0 0 . 

C 
C IF EXTERNAL END SOUNOART C O N D I T I O N . I INTRODUCE HERE. 
C 

l F I N e N D ) 2 S . 2 8 . 2 < l 
2') 0 0 2 7 J = J I I P . N t M P 
27 VI 1 . J ) - B N D R I J > 

) H R I I E I 5 , 131 
U R I T E I 5 . 3 I N A N O . N 1 
M R I I E I 5 . U 1 C A I H . I 
U R I T E ( S . 4 I E A N a . R l 
U H I T E I S , S I E E N D . R f 
H R I I E l 5 . 6 > A R 0 . J T I 

N O . B I S E . S A N Q 
H O , BASE.SEND 
P . A R I . J I N S . A I N D ' . N E N P 

I IHE MESH P O I N T S UHICH 
•TMf F IELD TUBE ( J T I P ) 

I I N S I . 

I I N O - 1 
' J I M 
I 0 0 3 9 j - 2 . m 

U = T E H M I J 1 

I 2 t = T 2 A 0 > U 
I 1 A = U 2 A > T 2 A 

3 3 K H 1 : K - 1 
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iiA:r2A>y2A 
CO TO 33 

3S K H U K - 1 
V I K . J I ^ V < K N 1 . 

34 CONTINUE 

ERATE L E F T 
•• tHE OUTER 

DOAl J ^ J T l . J l H I 
K-L 
U = T E f m ( J I 
j n i = j - i 
J P I ^ J ' l 
2 1 = U ' 2 . 0 / < f l ( S E « B A S E t 

< FDR ALL R A D I A L HESH P O I N T S I N EXCESS 

l 2 t = T 2 t O « U 
I 1 E = U2E>T2E 

] 8 K n l = K - l 

I I l C > ( V ( K H l . J t * l t E N D * V ( K P l , H K . J P l > * V I K . J f l l l 

41 CONTINUE 

ITERATE TO LEF 

I I I J I N S - 1 I 7 T , / T . 7 1 

71 l F I J l M S - J T t P ) T 2 . 6 3 . l 
72 J F I N = J I N S - I 

I F I J f l N - n 6 3 . 6 } . 76 
76 D075 J = 2 . J F 1 N 

I N S I D E F I E L D TUBE I F PROBLEM 5 0 R E Q U I R E S . 

I PAUSl 

. 9 t K , V A R A . I V I K 

I a s . 8 5 . 144 

. J ) . J = I . N U n P ) 

CALCULATE I H E F l E L O CONTOUR A N O E N C L O S 
S T A R I I N C P O I N T . SENSf 1 UP CALCULATES THE VOtUI 

LD CONIDUR AND E A I T S B r PUNCHING THE ANOOE 
ENCLOSED BT THAI F l E L O L I N E . 

ED VOLUI 
HE ENCLI 
l E L D AM 

' t f l A S E > B A S C I 

J I * V I K H 1 . J ) t * V < K . J P I I 

» ( K . J I = I I 1 E » 

I F ( K - K L F T > 7 5 , r S . 7 4 
7* T 2 f = T 2 E > M l E 

T I E : I 2 E ' M 2 E 
CO TO 73 

75 CONTINUE 
77 , 1 * 1 

( I I - N P R N ) 

A9 DEF = 0 . 0 
DO 120 K:L.m. 
V>RI=V(K.2I-INMTIKI 
1F(¥AHAI12*. 125 .125 

124 VARA^-HAt t t 
125 I H N T I I C ) ^ V I « , 2 I 

I F I V A R I - O E F I 1 2 0 . 1 2 0 , 1 2 1 
121 DEf^VARA 
120 CONTINUE 

I F I D t F - A I I R ) 4 S . 4 8 . 1 2 2 

IF SENSE 2 U P , MARK T H t E W OF EACH. NPRN I T E R A T I O N BLOCK BT 
L I S T I N G I H F I T E R A T I O N HUNBER. I H E F I R S T ANODE VOLTAGE'AND THE 
GREATEST CHANCE I H VOLTAGE. CAM FORCE T E R M I N A T I O N U I T H SENSE SWITCH C 
IF SENSE 3 U P . P R I N T THE VOLTAGE HAP BEFORE C O N T I N U I N G . 

122 CALL S S U I C H ( 2 , N ) 
CO TOI 1 4 1 . 1 A 2 ) . H 

141 H R I T E ( 1 . 1 b ) I T M 0 . v i L * l . ^ ) . U E F 
142 CALL S S H I C H I O . N I 

CO TU ( 4 8 . 1 2 3 1 . N 
123 CALL S S U T C H I 3 . N I 

CO' 1 0 ( 1 4 3 . I A S ) . N 
^ D0K7 K^l.Hl 

141 M K , 21 
145 ITNO^IINO*! 

112 CALL SSI 

113 VOL^VOL 

I VOL:VOL 
GO TO 1. 
A = DECH-I 

134 U R I T t l S . 

SUBRJUI 
DINE MS I I 
COMMON ' 

- 2 « O E L 2 / 2 . 1 i 

2 < I O A N O - 2 ) i 

COMPUTES THE ) 

• t f i - D E L R / 2 . 0 1 

IHE ELECTRIC F l E L D 

I . T M N K U n . e N O R I 3 0 ) 

D:SOI 
S I N A ^ E S U B ; 

COSA = t S U B R / D 
RETURN 

K . J - l » ) . ( O E L 2 « 2 U I f 

SUB2•E S U 6 2 * E S u a A « E S U B R I 

. J - I D - 1 - Z M T l 

1 0 1 . 1 0 1 . 1 0 2 

43 



APPENDIX C 

FIELD-TO-PULSE-HEIGHT TRANSFORMATION 

A knowledge of the axial dependence of anode field and 
the volume contained by successive anode mesh points. 
together with a relationship between gas multiplication and 
voltage, is sufficient to permit construction of the actual 
pulse-height response function (see Sec. VII.B). A uniform 
distribution of ionization from individual particle tracks of 
negligible spatial extent is assumed. Particles initiating 
ionization do not necessarily possess negligible track extent, 
however, and a more elaborate approach than that provided 
here would be necessary (see Sec VII.D). 

The input data and its format are listed in Table C.I. The 
code initially requires three numbers used to parameterize 
gas multiplication versus voltage (see Sec. V.B). The param­
eterization prescription is contained only in the function 
statement S(k) and consequently may be readily altered. 
Data required are the anode field strength and correspond­
ing electrical volume derived from the calculation described 
in Appendix B. 

For each voltage a calculation of the response distribu­
tion is made by first transforming from the initial 
(constant) density of events per unit anode length to the 
integral distribution at each amplitude. The integral distri­
bution may be printed. The differential distribution is then 
derived, and the mean value of the distribution is output. 

The quantity GMAX, which is the ratio of maximum 
gain to gain at the chamber center plane, is also output. For 
the normal case of a cathode uniform across both the end 
and anode regions (CATH and EIRA identical), the 
maximum multiplication will occur at the axial center 
plane. This is the situation in the example given in Fig. 15. 
If EIRA is reduced, the maximum gain may actually occur 
other than at the chamber center. 

The differenfia! distribution over four decades may be 
plotted next. Typical results are shown in Fig. 18. 

After derivation of the "ideal" differential distribution. 

smoothing with a Gaussian may be done to approximate 
detector resolution. The percent fuh-width-at-half-
maximum is required as input together with horizontal and 
vertical scaling. Typical results are shown in Figs. 19, 22, 
and 23. 

Another code (not given here) uses the differential 
distribution in a polynomial fitting routine. The coeffi­
cients of a fifth-order fit are derived from the distribution 
below 0.70 of maximum, together with the fraction of the 
distribution in excess of 0.70 of maximum. These parame­
ters are in a form suitable for subsequent use in simple 
integral unfolding routines used to correct measured 
spectra for response effects (see Sec. XI .B). 

The FORTRAN code listing follows. 

I l E l D TU PULSE HEIGHT TRANSFORHAT I ON FOR COUNTERS U l IH F l E L D TUBES 
AT ANODE POTENTIAL D E F I N I N G THE E N D S . 
RFSULTS MAY BE FOLDED U I I H A CAUSSIAK APPROXIMATION FDR R E S O L U T I O N . 

D I M E N S I O N V I 1 2 5 > , 2 I 1 2 S ) . P A M P ( 1 0 0 I , X T 2 ( 1 2 5 I , V D L < 1 2S1 
COMMON P A M P . 2 . V. VOL 
E Q U I V A L E N C E ! 2 1 1 I . X T 2 I 1 ) ) 

HE M U L T I P L I C A T I O N . 

t I V I [ •C2 I 

IRMAT! 2 E 1 4 . 5 I 
8 I O R M A M / 3 2 H INPUT REFERENCE VOLTAGE ( F 1 0 . 2 I / ) 

/ 3 r H R A T I O OF MAXIMUM G A I K TO NOMINAL I S - F 1 0 . 3 ) 
l 6 . 2 F 1 2 . ( i ) 
1 H 1 4 6 H L I S T F O BELOH ARE TOTAL P O I N T S . ANODE L E N G T H . 

H SPACING AND FIROCRESSION R A T I O . / 
I N A L L Y , THREE C O E F F I C I E N T S UHICH PARAMETRIZE CAIN »• 
I P E I S . S ) ) 

I INUHUM 

F 0 f i M A H 6 E 1 2 . ' 
F 0 H M A r ( / 5 1 H INPUT THE AVERAGING FLL L M IDTH I F 1 2 . 4 1 I N PERCENT-
F 0 H H A H / / 3 ' J H THE MEAN VALUE OF THE D I S T R I B U T I O N IS F B . * / ) 
I O H n A H / / 3 4 » SCALE ABSCISSA BT A.MOUNI ( F 1 2 . 4 1 - I 
f O R M A I ( / / 3 4 W SCALE OHOINAIE BT AMCUHI ( F 1 2 i 4 . | - I 
F O R M A I ! 5 *H SS2 L I S T S INTEGRAL O I S T . SS3 PLOTS D I F F E R E N T I A L Dl< 

• / 5 l H ' .S4 PLOTS THE GAUSSIAN SMOOTHED D I F F E R E N T I A L O I S T . / / 
INPUT REFERENCE VOLTAGE ( F 1 2 . 4 1 I 

FOR Ml F 1 2 . 4 
1H14 5H 

READ! 3 . 1 3 1 0 . C I , C 2 
CALL A S C I I 
R E A 0 I 2 . I I I M Z . B A N U . R A N O 
0 0 9 3 K M . M Z 

fi H E A 0 1 2 , 1 3 I V I X I , U 0 L 1 K 1 

E IGHTS ARE CONSISTENT NEAR U P S . 

K l l 9 4 . 9 5 . " t S 

TABLE C.I. Input for Program That Transforms Field-
to-Pulse-height Distribution 

Format Description 

Q E12.5 Coefficient in the expansion of 
log A (see Sec. V.B). 

E12.5 Coefficient in the expansion of 
log A, 

C2 E12.5 Coefficient in the expansion of 
log A. 

CI 

The anode field strength and corresponding electrical volume 
which were punched on paper tape in the program described in 
Appendix B, are read in. 

The reference voltage VREF is input in F12.4 format on the 
teletype. 

If smoothing of the distribution with a Gaussian is to be 
done, the percent full-widlh-at half-maximum WIDTH and the 
amount the abscissa is to be scaled XNRM and the amoun t the 

tele'type'" " ' " " " ' ' ' " ' " "" " " > " ' ' " '^'^•^ ' < " • " « » " 'h» 

IF I K - l 1 9 7 . 9 7 . 9 6 

97 0 A N D - 6 A N O . l f i A N J i ' . | FL 
W H I T L I 1 . 1 2 i n 2 . ( l A N O . a 

92 W M l I E i 1 . 1 8 ) 
RbAO( 1 . 1 9 )VREF 
DOSb I : 1 , 1 0 0 

•tb PA«P( 1 1 = 0 . 0 
DU71 l( = l , M 2 

n V I K I - V I K I * V R I : I - / U I H 2 I 
A R E F - S ( M 2 J 

21 11 = 0 . 0 
0 0 5 2 K = 2 . n 7 

IF ( O U M - l , 0 ) 5 3 . 5 2 , 5 2 
5J 0 U H : 1 . 0 
52 2 ( ) ( ) = D U n / A R E F 

n i T I i 
ANO.I 

91 CHAII = A M A X 1 ( C H A X . Z I K) t 

DETfcRMINE THt INTEGRAL AMPLITUDE 01 S I R I B U T I ON. 

: - H 2 ) 3 2 . 3 2 . 6 5 
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32 I F I C ( H - 2 1 K -
3 3 1 F I G ( I ) - 2 ( K » 
I S 0 2 ^ 0 2 * H ( l t t 

CO TO 31 
3(1 G2 = D 2 * H ( K ) < I , 

37 D 2 = D 2 < H I K I * ( 2 I K I - G ( t ) l / l 2 ( K > - 2 I K - U ) 
GO TO 31 

65 F A H P I l > : 0 2 
1 ^ 1 * 1 
1 F ( I - 1 0 0 ) 6 0 . S B . S B 

L I S T T H t I H I E C R A L D I S T R I B U T I O N I f SSHTCH 2 I S U P . 

S a CALL S S H I C H I 2 . N I 
GO TOI 7 6 . r n , H 

n H R t T E 1 4 . 2 2 l 
D D T B l ' 1 . 5 0 
H L L ' I 

• 2 3 . 1 0 . 0 . 9 0 . ( 

MLf l - 1*50 
7 8 1 I R I I E I 4 . 2 3 ) N L L . P A N P ( N I L ) . N L R . P A H P I N L R I 

CHANCE INTEGRAL 1 0 0 1 F F E R E H T I I L D I S T R I B U T I O N . 

77 
54 

CAI 

5S 

PR 

0 0 S 4 I 0 . 9 9 
P A M P d ) = PAHPI 

. C U L A I E THE N l 

S u D - D . O 
A V C = U . O 
DOS; 1 = 1 . 9 9 
AVC^FLOATl 1) < 
SUO=SUD*PAMPi 
A V C = 0 . 0 1 » * V C . 

I N I D E T A I L S 01 

U R I T b l 1 . 1 5 1 Al 

: l l - F 

; A N V 

• PAM( 
1 11 
'SUO 

F THI 

«C 

A l P t L i r U D E O I S T R I 8 U T I 0 N . 

THE D I F F E R E N T I A L D I S T R I B U T I O N . 

I F I P A H P t J I - 1 . 0 1 4 3 . 4 
* 3 T ^ O . O 

CO TO 45 
4 * T = 1 0 . 0 » A L O C ( P A H P ( 1 ) 
* S CALL S T M B O L 1 I I . T , 4 5 
4 2 CONTINUE 

CALL PLOT 1 1 2 . 0 . 0 . . 
PAUSE 

47 CAI L S S U I C H I 4 . H I 
GO T U ( 4 S , 9 2 ) . N 

FORN AVERAGE OVER A G A U S S I A N SHAPE FUHCI I 

I T E d . U I 
A D I 1 . I 9 ) U I D I H 

C O N I = P A n P ( J I ' S O R I 
C0H2 = U E L I A / ( D E N C t 
M a R = I F I l ' I S 0 R I ( 2 1 . 

D E L T A / 3 . 1 4 t S 9 l / D E N C T 
DENCTI 
C 0 N 2 ) I 

152 CONTINUE 
7 2 ( K 1 ' C 0 H 1 > E I P I - A M G ) 

IF SENSE 3 I S U P , PLOT I H E Tfl ANSF ORNEO D I S T R I B U T I O N . 
IF SENSE OOUH. DO NOT P L O T . 
IF SENSE 4 I S U P . PLOT IHE GAUSSIAN-SMOOTHED D I SIR I B U T I O N . 
IF SENSE 4 I S DOWN, DO NOT P L O T . 

I DECADES FOR AMPLI IUC L [NEAR FOR H E I G H T . 

, P A M P I I I I 

. t P A N P I D / T T l 

1 0 . . 1 0 . . 2 ) 

'LOT ( O . , 0 . . 1 1 

R E A D < 1 . 1 9 ) X N R n 
U R I T E I 1 . 1 7 ) 
R E A D ! 1 . 1 9 ) Y N R M 

CALL P L O H D . . 0 . . 
CALL P L 0 T ( 1 3 . . 0 . 
CALL P L 0 I ( 1 3 . . 1 ( 
CALL P L 0 T ( O . , 1 0 . 

' L O I I O . , 0 . , 

= 13( 
10)*] 
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Knowledge of the track-length probability functions and 
of the range-energy and stopping-power relations for a 
particular counter-gas filling permits the determination of 
the wall-and-end-effect response function (see Sec. VIII.A). 
At present the influence on the response function of events 
originating in the end regions is neglected-the response 
function is approximated by the first two terms on the 
right-hand side of Eq. 19. One has only to evaluate the 
track-length probability functions for: 1) a track starting in 
the sensitive region and ending in the sensitive region 
without distortion, F(C), and 2) a track starting in the 
sensitive region and being truncated by the walls or 
extending into an end region, N(C). This appendix describes 
the two codes that evaluate and parameterize the response 
function. The first code evaluates F(6) and N{6), as well as 
the first coefficient CLEG(l) in the expansion of the 
response function (see Sec. XI.B.3). The second code 
evaluates the distorted part of the response function over 
the energy region in which not all events are distorted—the 
region in which the upscatter correction is applied (see 
Sec. VIll.C). A Legendre fit is made to the distribution, and 
the coefficients CLEG(2) through CLEG(5) are determined. 
Appendix E considers the code for generating the proton-
recoil distribution for the downscatter correction. 

Under the assumption that the distribution of tracks is 
uniform and isotropic, the track-length probability function 
F(8) for e less than the diameter is [30] 

F(«)= |4(1 -k^)/(37rk)] X |K(k) - F(cos-'mji)] 

- [4(1 -^k^)/(37r)] X lE(k) - E(cos-'m,k)] 

•I- [(4k^ - l)/(47rak)] X sin"' k -|(2m/7r) 

•̂  |4k^(l-m^)-l]/(47Tak)|xsin-' k( l -m")"" 

+ m - km^/(2a) - ||2km/(37r)] -i- [2k2(l - m^)+ 1] /(47ra)| 

x | ( l - m ^ ) [ l - k H l - m ) ] } " ^ 

+ [( l•^2k^)/(4TO)l X ( l - k ^ ) " 2 , ( D l ) 

and for C greater than the diameter 

F(C)=|4(k^-l)/(37r)] x{K(l/k) 

-F|sin-' k(l - m ^ ) " \ l / k ] } - [4(k^ -t- l)/(37r)] 

X {E(l /k)-Elsin- ' k(l - m ^ ) " ^ l / k ) } 

-{2m/T+[4k^(l -m=')-l]/(47rak)} 

APPENDIX D 

WALL-AND-END-EFFECT RESPONSE FUNCTION 

Xsin"' k(I -m^)"^ -i-m - l/(8ak) 

•i-k/(2a)(I -m^) 

- |2km/(3!r) •!• [2k^(I -m^)•^ 1 ] / (4TO)} 

x { ( I - m ^ ) [ I - k ^ ( I - m ^ ) ] } " ^ (D2) 

F(0Jc) and E(0J<) are incomplete elliptic integrals of the 
first and second kind. 

F ( 0 W = / / ( l - k ' s i n ^ e ) " • de, 

E( '*W=/o*(I - k ' s in^e) -"" de. 

(D3) 

and K(k) = F(77/2Jc) and E(k) = E(;r/2Jc). The parameters k 
and a are in units of radii and are 

and 

k = e/(2a) 

a = L/(2a), 

(D4) 

where a is the radius of the cylinder and L is the length of 
the sensitive region. The parameter m is the smaller of L/S 
and 1. 

The track-length probability function N(e), where N(C) dC 
is the probability that a path length is between C and 
S -I- dS, is, for i less than the diameter, 

N(C)= (2(1 -k^)/(37rak^)] X [K(k) - F(cos-'m,k)] 

- [2(1 -2k2)/(3irak')] X [E(k) - E(cos-'mJ<)] 

- [(l-i-4k2)/(8TOak")] X sin' ' k 

-^{[l•^4k^(l-m^))/(877aak)}xsin-' k(I-m^)"^ 

•fmV(4aa} + |2m/(37ra)-i- [6k^(l -m^)- I]/(87raak)} 

x { ( l - m ^ ) [ l - k ^ ( l - m ^ ) ] } 

+ [(1 -6k^)/(8TOak)] X(I - k 2 ) " ^ (D5) 

and, for i greater than the diameter, 

N(8) = |2(2k= - l)/(3;rak)) x{E(l/k)-E|sin-'k(l-m=)"',l/kl} 

- |4(k'-l)/(3irak)] (D6) 
(Contd.) 
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+ |l2m/(3i7a)] -i- (6k=(l - m ' ) - ll/(8iiaak)} 

x l d - m n i l - k H l - m ' ) ] } ' " 

+ {|4k' (1 - m=) t 11 /(Siitiak')} X sin"' k( 1 - m ' ) " 

- [1 •l-4k'(l -m') l / (16aak') . 

F(6) is related to N(i) by 

Jo 
' N(e) d8. 

where Cmax = (L^ + 4 a ' ) ' " . Calculated F(£) and N(6) are 
shown in Figs. 24 and 25, respectively. 

Besides the track-length probability functions, one must 
have the range-energy and stopping power e(E) relation­
ships. We will consider only the relationships for methane 
gas; similar ones may be worked out for hydrogen. A 
parameterization of e(E) for methane at 76 cm Hg and 
15°C was determined from a fit to the data contained in 
Ref. 34. For E greater than 300 keV, e(E) was fit with the 
Bethe-Block formula 

e(E) = 5:23^(10.0 In E-I-40.0). 
h 

in the energy range of 30 to 300 keV, a fifth-order 
least-squares approximation to the data was used. For E less 
than 30 keV the data was approximated by 

The ranges were taken from the table of Ref. 34. For E less 
than 30keV, the ranges were determined to be consistent 
with the energy dependence assumed for e in this range; 
i.e., the ranges were determined from 

R(E) = /"^ (DIG) 

e ( E ) = I 5 5 . I E ° • ^ 

'•E dE 
e(E)-

The uncertainties associated with the data below 30keV 
are rather large. Fortunately, these uncertainties have little 
effect in the calculation of the response function. 

The first program calculates the track-length probability 
(D7) function F(8) and a*N(6) for values of k = S/(2a) at which 

the elliptic integrals are evaluated. The values of the elliptic 
integrals may be obtained from interpolation of the tables 
in Ref. 35. The input variables and their formats are 
indicated in Table D.I. The track-length probability func­
tions depend only on the counter geometry and are 
independent of the counter gas. However, since CLEG(l) is 
simply equal to F(Ro) at EQ corresponding to RQ, it is 
convenient to evaluate CLEG(l) in this program. The range-
energy table must be input so that Eg may be determined. The 
factor P times the density associated with the range-energy 
table gives the density of the counter gas for which 
CLEG(l) is evaluated. The output includes the input track 

(D8) length, Eo, CLEG(l), and the track length probability 
functions F(C) and a*N(6). The program is written for the 
SEL-840, and a listing appears at the end of this appendix. 

The second program calculates the distorted part of the 
response function for a particular track length and fits it 
with a Legendre polynomial expansion. The function 

(09) a*N(6) is only evaluated at certain values of i in the first 

TABLE D.l. Input for Program that Determines Track-length Probability Functions and CLEG(l) 

•d Variable Format Description 

3-7 

8-12 

SL 
P 

17A4 Title card—up to 68 characters. 

E12.5 Radius in cm. 
E12.S Length of sensitive region in cm. Enter as 0, if L is infinite. 
E12.S Pressure in atm at I5°C. 

E 12F6.4 Energies in MeV in increasing magnitude at which the ranges are specified. 

RGE 12F6.4 Corresponding proton ranges in cm. 

For each value of C at which the track-length probability functions are to be calculated, one or 
two cards are required. 

C E12.S Track length divided by the diameter k; k = e/(2a). 
ASIN E12.5 sin' ' ; deleted for k greater than one. 
F90 EI2.S Complete elliptic integral of first kind K(k); K(k)= F(i7/2.k). 
E90 EI2.5 Complete elliptic integral of second kind E(k); E(k) = E()T/2,k). 

If Q is greater than the length of the sensitive region, SL, card 13b is required. 

BSIN EI2.5 

FIN EI2.S 

EIN E12.5 

s in ' k(l - m ' ) with m equal to the sensitive length divided by the 
track length. 

Incomplete elliptic integral of first kind F(0,k). For k less than one, 
F(cos~' m,k); for k greater than one, F|sin"' k(l-m^) . l / k ] . 

Incomplete elliptic integral of second kind E(0,k). For k less than 
one, E(cos"' m.k); for k greater than one, Elsin"' kO - m^ ) " ^ , l/k]. 

Cards 13a and 13b are repeated for each value of C. 

The program is terminated by a negative value of C on card 1 3a. 
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program; it is necessary to have a continuous representation 
of it for the calculation of the response function. From 
Fig. 25 it is seen that N(C) undergoes rapid change in shape 
near values of C equal to the counter diameter. It was found 
that two sets of coefficients from least-squares polynomial 
fits of fifth order, one set for values of C less than a 
diameter and the other for values greater than the diameter, 
adequately represent a*N(C). 

The two sets of coefficients and boundary value of C 
between the two sets are input to the second program, as 
well as a range-energy table, the density factor, and EA and 
EB, which refer to the stopping cross-section data. The 
stopping cross-section data, or dE/dx data, are input as the 
statement functions EPl, EP2, and EP3. The variable EA 
defines the boundary between EPl and EP2, and EB 
defines the boundary between EP2 and EP3. The input 
variables and their formats are shown in Table D.II. 

For an input value of the range RQ, the program first 
calculates the corresponding value of EQ from the range-
energy table. A hundred equal-energy intervals are formed 
between zero and EQ. Using the stopping cross-section data, 
the range-energy table, and the approximation to a*N{C), 
the values of the distorted part of the response function are 
calculated at values of E in the middle of each interval. 

The hundred calculated points are plotted on a Calcomp 
plotter. Sense switch 1 is set up if scales are desired. 
Because of the rapid variation of the distorted distribution 
for small values of Eg near the energy EQ (see Fig. 29), it is 
desirable to modify the end part of the distribution before 
fitting is attempted. After the distribution is plotted, an 
integer, NFIT. is input on the teletype, and the program 

sets all points greater than the NFIT point equal to the 
value of the distribution at the NFIT point. 

The program then performs a Legendre-polynomial 
analysis of the distorted distribution with four polynomials. 
The Legendre-polynomial coefficients are represented by 
C(l) through C(4). In terms of the coefficients listed in 
Sec. XI.B.3, the correspondence is that CLEG(2) through 
CLEG(5) are equal to C(1J through C(4), respectively. 
CLEG{2) is simply 1 -CLEG(l), when events from the ends 
are neglected. However, both CLEG(l) and CLEG(2) are 
kept as independent coefficients, so that when end events 
are included, no further modifications will be necessary to 
the data-reduction codes. The coefficients C(2) through 
C(4) [CLEG(3) through CLEG(5)] are normalized as if 
C(l) [CLEG(2)] were one. This permits a better fit to the 
coefficients at low energies. In the expansion of the 
response function (see Eq. 31), it is thus necessary to 
multiply the last three coefficients by CLEG(2). A 
FORTRAN listing for the SEL-840 appears at the end of 
this appendix. 

From the first program, one has CLEG(I) for various 
values of EQ, and from the second program, CLEG(2) 
through CLEG(5) for various values of EQ- It was found 
that a satisfactory continuous representation of each 
coefficient could be obtained by a fifth-order least-squares 
polynomial approximation. The program for the fitting is 
not included here. Figures 38-41 show this fit. The 
coefficients of the least-squares fit parameterize the re­
sponse function for energies at which there are still 
undistorted tracks. For higher energies no such simple 
parameterization is possible (see Appendix E). 

TABLE D.II. Input for Program that Determines the Legendre Polynomial Coefficients 
for the Distorted Part of the Response Funct ion 

Card Variable Description 

NPROB t 7 A 4 Title c a r d - u p to 68 characters . 

P E12.S Pressure in atm at 15°C. 
CUT E12.5 For C less than CUT, one set of coefficients for 3 'N(C) is used; for 5 

greater than CUT, the o ther C is input in cm. 
EA E12.5 For energies less than EA, the function EPl is used to de te rmine d E / d x . 
EB E12.5 For energies between EA and EB. the funct ion EP2 is used to de te rmine 

dE/dx . Both EA and EB are entered in MeV. 

CAN 6E12.5 The coefficients of the polynomial expansion that approx imates 
a*N(C). The first six coefficients are for C less than CUT, and the second 
six for C greater than CUT. 

E 12F6.4 Energies in MeV in increasing magni tude at which the ranges are 
specified. 

RGE 12F6.4 Corresponding pro ton ranges in cm. 

For each value of R^ at which the Legendre coefficients are to be calculated, one card is required. 

RO EI2 .S Range in cm of pro ton at which the coefficients are t o be de te rmined . 

After the distribution is p lot ted on the Calcomp, the integer NFIT is read in on the typewr i te r 
m 13 format. Use of NFIT in program is explained in t ex t . 

Last The program is terminated by a negative value of RO on Card 1 S. 
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ENERGY. MeV 

Fig. 38. Energy Dependence of Coefficient C(I) of 
First Legendre Polynominal for Counter with 1.27-cm 
Radius and 8.2 S-cm length Filled with 6LS atm Methane. 
The curve is a fifth-order least-squares polynominal 
approximation. ANL Neg. No. 113-2315 Rev. 1. 
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Fig. 41. Energy Dependence of Coefficient C{4) of Fourth 
Legendre Polynomial from Fits to Calculated Distorted Part of 
Response Function. The curve is a fifth-order least-squares 
polynomial approximation. The normalization is for C(t) equal 
to unity. ANL Neg. No. 113-2311 Rev. 1. 
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The FORTRAN code listing follows. 

4 |."aHi1ATaHU;JX.4ML CH,9X.ZHEU,7X.7HCLEGai.7X, 
lipy H)KMATll 'A4i 
aVW FaHMATtlKl/ X l / * 4 ) 

Rt«U(4.19V; HCH9b 

HtA i J l 4 ' l l *.SL»H 
Mhl lTt I».2 l It.SL.P 
Kb*IJI4.3) E 
>4t*LJI4>3; Hlit 
MHl IEl!>>41 
UO S4 1 3 1.60 

64 KUfcU) = * l i t ( l ) / P 

ENERGY, MeV 

Fig. 39. Energy Dependence of Coefficient C(2) of Second 
Legendre Polynomial from Fits to Calculated Distorted Part of 
Response Function. The curve is a fifth-order least-squares 
polynomial approximation. The normalization is for C(l) equal 
to unity. ANL Neg. No. 113-2306 Rev. I. 
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Fig 40 Energy Dependence of Coefficient C(3) of Third 
Legendre Polynomial from Kits to Calculated Distorted Part 
of Response Function. The curve is a fifth-order least-squares 
polynomial approximation The normalization is for C(l) 
equal to unity. ANL Neg- No. 113-2310 Rev. 1. 
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APPENDIX E 

THE DOWNSCATTER MATRIX 

Above a certain energy determined by the dimensions of 
a particular counter and its filling gas, all proton-recoil 
tracks are distorted (see Sec. VIll.C). The neutron spectrum 
above this energy cannot be determined with this counter. 
Of course, the neutron spectrum above this energy creates 
ionization over the range recorded by the counter and must 
be taken into account if the neutron spectrum below this 
energy is to be accurately determined. This appendix 
describes a program that generates the ionization distribu­
tion recorded by the counter from an input neutron 
spectrum extending above the measurement limit. This 
distribution is used in the downscatter correction section of 
the data-reduction code for correction of wall-and-end 
effects in the methane counter (see Sec. XI.B.3). 

The asymptotic neutron spectrum above some energy E^ 
is assumed to have the shape 

ASNS(E)=yEe-E/T, (El) 

where E is the energy and T is a constant characteristic of a 
particular spectrum. This form has been found to provide a 
reasonably good fit to calculated fast-reactor spectra above 
a few MeV. It is interesting to note that this is the same 

analytical form as that used to describe the prompt-fission 
neutron energy spectrum [36]. The energy Ec is chosen to 
be somewhat below the highest energy data point. 

The proton-recoil distribution is calculated for this 
asymptotic neutron spectrum. The neutron spectrum below 
Ec is zero, and thus the proton-recoil distribution is flat 
below Ec- This proton-recoil distribution is folded in with 
the counter response function to produce the downscatter 
distribution. The counter response function for energies 
greater than Ec is evaluated with the subroutine 
RESP(EZERO). The influence of events from the end 
regions is neglected. Using an input parameterization of 
a*N(ft) and a range-energy table and slopping power 
parameterization (see Appendix D), the distorted part of 
the response function is evaluated at a hundred equally 
spaced energy points between zero and EQ. The contained 
fraction at each Ej, is determined from an input fit to 
F(Eo) over the energy range from Ec to the energy at which 
the contained fraction goes to zero. The fit to the 
contained fraction must join smoothly at Ec to CLEG(l), 
which is identical to the contained fraction for energies less 
than Ec- The response function for energies less than Ec is 
determined from the Legendre polynomial parameterization 

TABLE E.I. Input for Program that Determines the Downscatter Matrix 

Card Variable • Description 

MN 

A(J) 

10 

11 

12 

13 

14-18 

19-23 

EA 
EB 

P 
DIA 

CLEN 
ELIM 

CAN 

CLAN 

C C l 

E 

R G E 

E12.5 
EI2.5 

E12.5 
EI2.5 
E12.S 
E12.S 

6EI2.S 

6E12.S 

6E12.5 

I2F6.4 

12F6.4 

Number of methane runs. 

Ionization per channel; same information as on header tape for PSNS 
programs. 

An energy cutoff E .̂ below the highest-energy point. The calculated 
proton-recoil distribution is normalized to the measured distribution 
between Ej. and highest datum point. 

The polynomial expansion for the Legendre coefficients that describe 
the response function below E^; same coefficients are used in PSNS 3. 

Constant that appears in Eq. El which is determined from fit to spectrum 
above E(.; input in units of keV. 

For energies less than EA, the function EPl is used to determine dE/dx. 
For energies between EA and EB, the function EP2 is used to determine 
dE/dx. Both EA and EB are entered in MeV. 

Gas pressure in atm at 1 S^C. 
Diameter of counter in cm. 
Sensitive length of counter in cm. 
Above this energy, all proton-recoil tracks are distorted; input in MeV. 

Coefficients of polynomial expansion which approximate a*N(C) for 
fi less than the diameter. 

Coefficients of polynomial expansion which approximate a*N(C) for B 
greater than the diameter. 

oEl 2.5 Coefficients of polynomial expansion which specify the contained 

fraction as a function of energy in MeV for energies greater than Ej.. 

I2F6.4 Energies in MeV in increasing magnitude at which ranges specified. 

12F6.4 Corresponding proton ranges in cm. 
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(see Appendix D). The output consists of that part 
of the downscatter matrix from events above Ec and the 
complete downscatter matrix. The downscatter matrix is 
determined in the same format and over the same energy 
range as the methane data that is to be corrected-i.e., 
MN sets of data with a hundred energy channels in each set. 
The normalization at this point is irrelevant; it is determined 
later when this calculated distribution is normalized to the 
measured distribution over the energy range from Ec to the 
top of the measured data. 

The input format for the downscatter matrix calculation 
is listed in Table E.I. A FORTRAN listing of the program 
for the SEL-840 follows. 

»? 

»=• 

^2 

61 

S4 

6B5S I'l.iug 
I RAPSl!•JJ-u.U 

t^eRBibPKO(K) 
CALL RESP(t£ERBl 

5BAU J=1.>1N 
UB60 1*1,lUU 
U'CHEM I .J) 
lHU-EiERBI&e.SB 
U (U-EiERB'tlEISW 
HAPSlI.JJ'KAPSli 

IF l1 - IU0)62 .62 .6 

CBNIINJE 

.60 

.59 .61 

. J l ' C d l 

0 

4.>7 

3/ WAPS(I 'J)«HAPS(1.J '*S»IC(L ' - (EN1L)-UI»CCIL)-C(L-1) I / (EN(L)-EN<L-1) 

6U LBNIIMUE 
K i K ' l 
IFIR)52.S2.»5 

Ll^T THE DBHNSCATTtR IN RESPBNSE BNL) (ALL EFFECTS ABBvE RLME. 

UBtl . 
; < 5 . 7 ) 

iHKtcTien TB MbASuREo METHAKE PRBTBN RECBIL D I S T R I B J U B N S r^R 
IbM tNtWGY NbUTKBNS ASSUMING THAT THE SPECTRUM BF THESE 
lUTHBNS lb MA-wtLLlAN WITH TEnPfcRATJRE T. 

UlMENiiilJN L>M6).CLAN{61.CCl(6).E(60).nGt(60)'C<101)<EN(l(ll). 
XHAPS(lUU.3i.AlJ(.CPFT(6.5I.PfiD(iU0J.:LEGl61 
(;BHHBN EA.tB.NN.DlA.CLEN.ELlH.C'N.CLAN.CCl.E.RGE.C.EN 

FHE DATA ARRAY DERIVED FRBM THE EXpRESSlBN-

•BUMATliHD//// IZX.J7H CBMPLETED DBWNSCATTEfi SPECTRUM LIST //} 
•BHMAT11H1///*/H LISTED BELBN ARE RESPBNSE LIHIT HLHE FBLLBMED 
'3tH 01 THb A(J) VALUES SPEDUTlNG THE SPECTRUM ENERSY FBRMAT. 
>UH THEN AHE LISTED VALUES FBR EA^EB.P.DI A.CLEN.EL1M / 
tin AND M N A L L Y IHE FAST NEUTHBN TEMPERATURE. //) 

JMNSCATTER 1 EVENTS ABBVE RLME 

M1!,H ENtHGT CUT-BFF RLME. RLME MUST BE CHBSEN BELBM THE 
!>T ErjEHGt DAIUM PBINT BU' NB T ilELBH 2 MEV. XLSB INPUT LEGENDRE 
IblBN CBEFIICItNTS WMJCH PARAMETRljE RESPBNSE BELBW RLME. 

91 1LU-N)93.WS.' 

CLEG(KJ=CPH I] 
X •u»ic>'FT(a.K: 

If lK-2) »7.SP4i 
9* U X ' C L E G 1 2 ) 

UB IB 9' 
96 LLtG(IO=CLtGU 
v7 CBNTINUE 

:CPFT(2.K)*U»(CPFT(3,|i 

:SI>1.5>AHli*ARb 
i "'CLEGl<)*CLEGi 
' (1 .66667»lEST- l , 

1TEST-0.S)*ARG«ICLEG13)*CLEG15> 

PSIN.Ml'APD'CLEGdl 

B6 X=»*fiS/y 
VJ 1«1«1 

GB Tia 90 

IFfN-lU0)7SI.79.7l( 

IF lM)e2.a2.B3 

ST TME Ofl«N-5CATTER SPECTRUM. ALSB PUNCH fiESULTS IF DESIRED. 

lAMfcTbRS NEEDED TB DERIVE THE REsPBNSE. 

ITfclS,;;) IHAPSd .J), 1=1,100) 
JbE 

1IEI3.2) IRAPS(l,J),][i,100) 

P SUHRBUTINE RETURNS A 101 CMANNtL RESPBNSE D I S T H I B U H B N FBR ANV ENERGY 

Ll^l JHE VARIBUS t 

HRlTEIS-6) 
HHliE(&.2) HLME 
HRl IEt5 .3M*(J) 
HKlTb(5,J) bA.t 
RK1I61S.31 I 

IHICH HAS BEEN INPL 

C FBHM H«NGt • LBR LBUNIER PRESSURE 

I itTfM ' '^- * " " * ' • " " ' " ^ "^ '= ' " ' - OISTRIBUTIBN IPfiD) ABBvE RLME. 
C T«t OISTHlflUTlBN BELB" RLME WILL BE FLAT. 

ilU Llb:(10U00.- fiLHEJ/200. 
KHIJ12UD) = 0.U 
1*1V9 

42 X'bPHClI) 
!1 = -1.86-<«(9,41!>E-06)»X«x«ll.306E-l 
12 = 0.42iiJ«X4tl.JU£.04] 
SIG • 9.4 24B/l) i»(1.206E-03J*Tl4Tl)-t3.1 
H«aiIl=PHUll. l)*0E.ASNS(XI»SI6/(X»l<l 

1M1MS.4S,4Z 

, . 2 0 6 E - 0 3 ) - T 2 » T 2 ) 

J,UN.CIA.CLEN.ELIM,CAN.CLAM.CCl.E.RGE.C.EM 

PRBTBNS IN METHANE 

bP l lZ i J • 192 .1* I i f *>D.4D) 
JO TB 300 KEV 

LtSS THA^ 30 KEV 
tP2(i !Yl - 2&.asa05 • 2Y«(555.98l2 * E Y * C 

A1E*4 • iY«(-4.J73533E*4 . 2Y«1.766109E*4: 
GRbATER THAN 3U0 KEV 
6H3(EX) • D.23S/2Xi(lD.«ALaG{i)() • 40.0) 

CHNVbRT ENERGY FRBH KEV TB MEV 

EU'biERB/lUOO. 

UbJERMlNE RO 

DB 3 J c Z.NN 
|F16U-E{J)> 2 ,1 ,3 

1 RU i RGEIJt 
" liB IB 4 
2 HATIB = tbO-ElJ-11 ) / l E l J l - E l J - l l ) 

HO : RGE(J-1I • HATIB«lf iGElJ)- f iG£(J-U) 

9 OtlCHMlNE EMI 

I68577E*3 • iY4(2.67778 

e»Ai.UATE [ME UDWK-SCAlTER FfiBM EVt 
THb HbSPBNSE SKEtlHuM'cd) HAS ALL 
C l iU l ) ANU THE HEiT DlSlBIBUTbD F H B M ' I ' T B lUo ! " 
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LIZEO DISTBRTED DISTRIBUTIBM 

1^ ! 
' EO/lOQ. 

UB 27 I 1 
E N ( 1 ) = FLBATt l - l l«OZ • D2/2. 
IF(ENt |I-EMAX1112,112,12 

12 C i l ) • D. 
GB TB 27 

112 bBUT • ED-ENU 1 
1» IEBU1-b<l>} 13.16.14 

13 RBilT • ' E B U t / E l l ) i R Q b < l ) 
~ UB TB IB 

14 UB 1 ; J I 2.NN 
~ IF lEeUI-E(J)> 15.16.17 

1) RATle ' ( E B l > T - E I J - l ) ] / I E ( J > - E I J - l ) l 
KBliT • S B E l J - l » » H«TlB»(RliE(J>-HOEIJ-l)) 
GB'TB IB 

16 HBUt • RGE<J) 
GB TB 16 

I f CBNtlNUE 
• RD-HBUT 

lF IR lN-DlA)~19.1« . i 
'•R1N*(CAN(3)*RIN< 

.N12»*RIN-ICL*N(3)*RIN' 

'*RIN»ICAP 

.ANl4)*Rlf 

[5)*BIN« 

•ICLANtSl 

X*HIN«CL*N161 I ) ) ) 
ANR • EXP(ALNR) 

1 iF(EBUl-EA> 22.22.23 
i UEDL • EPltEBUTl 

G8 TB 26 
3 IFtieuT-EB) 24>Z4,25 
4 OEOL • EP2(EBUT) 
~ (IB TB 26 

1NMAL12E THE piSTHIBUTlBN ANO CBNVERT ENERGY BACK TB KEV. 

GB re 3D 
9 Cl » CCUl ) * E0»ICC1(2) • E0»(CCl(3) • EO»lCCH 

X* E0»CCH6I )1 )( 
C t i O l ) = l . - C l 

u Sun • 0. 
UB 31 1 a 1.100 

1 i U M * SUM * C ( U / 1 0 0 . 
" OB 32 I a l . iOD 

E N U ) - E N U ' • 1 0 0 1 . 
2 C(1) • C l *Ct I ) / ISUM*100. I 

t M l l O l l • bNl lOi l« loOO-
HttURN 
t~HO 
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APPENDIX F 

CODES FOR DA TA REDUCTION 

The FORTRAN listings of the five codes used in data 
reduction and described in Sec. XI.B are contained in this 
appendix. The machine-language data-colIection code has 
been described elsewhere [18]. 

The Varian-622 computer for which these codes are 
written has an 18-bit word length with 8k memory. Several 
peripherals are available. These are a paper-tape system 
(FORT.DEV1CE02) consisting of a 300-character-per-
second optical reader and a 60-character-per-second paper-
tape punch, a teletype keyboard and paper printer 
(FORT.DEVICEOO). and a storage-type oscilloscope. In 
many instances, a scope display of data is sufficient; where 
a high-quality record is needed, results are plotted on a 
Calcomp digital plotter with a larger computer. 

DATA-620 PSNS-1. 
INITIAL SUHVEY OF RAW IONIZATION SPECTftA. SPECTRA CAM BE COHPAHED 
EITHER BY VOLTAGE SETS OH BY ENERGY INTERVAL. PUNCHED RESm,TS 
ARE COMPATIBLE WITH CODES FOR RESPONSE CORRECTION AND FOR 
SLOPE TAKING. 1/24/1970. 

DIMENSION RAPSfIOO.e>.A<S) 
COMMON RAPS,A,C 
CKEWd, J>-A(J1*FL0AT(I»EB) 

.C(8I 

1 F0RMAT(/37H 
£ TORMATfia/I; 
3 FORMAT)/aOH 

F0HMAT(5Eia.5; 
F0RMAT(//30H 

HPUT INITIAL SET AND LAST 

ENERGY LIMITS ARE- ) 

KEU/CHAN HONITOR 
16 
19 
20 F0RMAT<6Eia.b» 
g| r0RHAT(2F7.0) 
23 F0HMAT1/16KRAW DATA SUBUEY / 

X /25H LISTED BELOW ARE MN.NMET ) 
an FORMAT(F10.21 
25 F0RMAT(/15K MAXIMUM FLUX • / £12.5) 
29 F0RMAT(/|3H ENERGY RANGE ) 
30 F0RHATna.2EI2.5> 

HEAD HEADER TAPE. 

wniTE(0>a31 
READ <E.2) MN.NMET 
WRITE(0.2) MN.NMET 
D070I Jil.MN 

701 READ(2,16I A<J),C(J> 
¥RITE(0.I9> 
WRITEfO.30) ( J.Af J ) , C ( J ) , J-I.NN) 
PAUSE 

IF SS3 LIT. READ PRE-PUNCHED SPECTRUM DIRECTLY-

IF<lSNSO))40.f l0 .4I 
40 D05 J°I.HN 

DO 713 i n , 1 0 0 
READ(2,2I) DNUM.DOFL 

T13 HAPSIIiJ) • (D0FL*13107I- • DNUM)/(C(J)*A<J>} 
PAUSE 

5 CONTINUE 
GO TO 312 

41 0042 J=I,MN 
42 READC2,16)rHAPS<I.Jl.I>1.100> 

ACCORDING TO SENSE LIGHT OPTIONS. DISPLAY PROTON SPECTRA BY 
SETS (SS1>. OR BY INPUT ENERGY RANGE eSS2> . IF NEITHER SSI t 
2 ARE LIT.PUNCH THE SPECTRUM. 

312 PAUSE 
IF(15NS(1>)311 ,3U.3I3 

311 IF(ISHS(2)>eoi.201.SOE 

313 VHITECO.l) 
READ(0,2)HL0,NHI 
X-0.0 
00175 J-NLO.MKI 
OOITS 1-1,100 
U-CHEN(I,J)»RAPS(1,J) 
IF(U-X)IT5, 175,176 

1T6 X-U 
175 CONTINUE 

URITE(0.25> X 
ELOH-CHENUJNKI) 
EUPP.CHENf1 DO.NLO) 
«RITEro.3> 
URI TE(0. I G) ELOW.EUPP 
CALL AXIS 

SPAN*AL0G(EUPP/E1.0V> 
DOeOS J-NL0>NHI 
D0205 I- i>IO0 
U-CHEN(I,J} 
IX-IFIX(l3107l.*AL00fU/EL0U)/5PAN> 
IY-IFIX(130000.40»RAPS(I .J) /X) 
CALL PLOTdX.IYI 

a05 CONTINUE 
GO TO 3 ie 

INPUT AN ENERGY INTERVAL. SCALE. DRAW AXES (UNTIL S53 LIT) AND PLOT 

202 VRITE(0t29> 
READt0.24)EL0W 
READ(0>24)EUPP 
X-0.0 

DOIf • I . 1 0 0 
U - CKENCI 
lP(U-EL0W>ieS.ieS>165 

165 IF(EUPP-U)1B5>166>166 
166 U-U«RAPS(I. J) 

IF(U-X>I85 .1S5.I86 
186 X-U 
185 CONTINUE 

WRITECa.25> X 
CALL AXIS 
SPAN - ALOGCEUPP/ELOVl 
00809 J-l .HN 
D0209 I -1>I00 
U • CHEN(tiJ> 
IF(U-E1.0U>209.20B>208 

208 IF(EUPP-U>e09>207,20T 
207 IX-lFIX(13l07l.*ALOG<U/ELOt 

IY-IFIX(130000.*U«HAPS<I.J1 
CALL PLOT<IX.IY) 

209 CONTINUE 
GO TO 312 

C 
C PUNCH SPECTRUM ON PAPER TAPE. 

201 00177 J-I,H» 
177 WRITEC2.I61I 

GO TO 3 ie 
. J>>I - I>100) 

DATA-620 PSNS-2. 
RESPONSE CORRECTION TO IONIZATION SPECTRA TO ALLOW FOR THE 
EFFECT or FIELD DEFINITION AT COUNTER ENDS. 
MAY ALSO NORMALIZE SPECTRA TO W. t/e4''19T0< 

8)>PC<6.8>,AHEA(S]. DIMENSION HAPSdODiBtfHNOI 
XCVM(6>.CWH(6> 

COMMON CVMiCWH.A.NMET.RAPS.TIME.TIHY 
CHENd. J}*A(J>*FLOAT( 1*28 > 

C 
16 F0RMATC5EI2.») 
17 F0RMAT(//24HTHE RESPONSE DIVIDES AT- / F 1 0 . 2 ) 
18 F0HMAT(//3IHW IS UNITY FOR ME AND HV ABOVE- /2F10.e> 
19 F0RMAT(//39HW EXPANSION COEFFICIENTS FOR ME AND HY- / ) 
20 F0RMATC6E12.5) 
21 FORMAT'F8.1> 
22 FORMAT(I2/I2> 
23 FORMAT(///10X,37HRESPONSE CORRECTION FOR FII1.D EFFECTS 1 
24 FOfiMAT(//5X.4IHP0LYN0MIAL COEFFICIENTS FOR FIELD EFFECTS 
25 FORMATCISH MAXIMUM FLUX • / E12.5) 
27 F0RMAT(///2aH N CONTAINED FRACTION / ) 
28 FORMAT(//40HINTEGaAL CUT-OFF ENERGIES FOR ME AND HY- / 2 i 
29 F0RMAT</E1H INPUT ENERGY LIMITS > 
30 FDRHAT(I4>EI2.5> 

C 
C READ HEADER TAPE. 
C 

WRITE(0.83) 
READ (2,22)MN.NMET 
DO 701 J-I.MN 

701 READ<2.16)A<J>,X 
PAUSE 

C 
C READ ELECTRIC FIELD RESPONSE DATA. 
C 

READ<2.20>C0HE.C0HY 
HRITEf 0 .28 ) COME. COHY 
VRITE(0>2T) 
DOB 51 I-I.MN 
READC2.20>AREA(I) 

eSI WR1TE(0,30>I.AREA<1> 
WRITE(0.24) 
D031 I-I.HN 
HEAD ( 2 . 2 0 > ( P C C J . I ) . J - I . 6 > 

31 WRITE<0.20>(PCCJ,I).J-1.6> 
D0a91 I-I.MN 
D0891 J - l . G 

891 PC<J.l)-CI.O-AREA(I))*PCfJ.I> 
READC2.16) RHI 
WHtTE(0.17) RHI 
PAUSE 

C READ THE F * PROTC ' DISTRIBUTION. 
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C IT SSI LIT.DISPLAY OtSTAIBUTIOMS ON SCOPE. 
C IF S52 LIT. PUNCH RESULTS. MOT LIT • DO RESPONSE INTE6HATI0N. 
C IF BOTH SSI AND 8 ARE LIT - READ W AMD NORMALIZE. 
C 

210 PAUSE 
I F(ISHS< 1 ) ) 2 0 4 . 8 0 4 . 2 0 S 

204 IF<ISNS(2) )203 .803 .SOI 
808 IFfISNSC8))80E.S02.31« 

C 
C READ PARAMETERS RELATING W TO IONIZATION. THEN HORKALIEE TO H. 
C 

314 READ(2.80>X.X.TIME.X.X.TIHY 
READC2i20)(CVM(J>.J-1.6) 
READ(8.80)CCtfH(J>>J-1.6> 
WRITE(0.18)TIHE.TIHY 
WRITE(0>19) 
WRITEf0.20)CCVMCJ).J-1.6) 
VR1TEC0.80)<CWH{J).J-I.6) 
[>031( J-1.1 
00316 I - l . 

316 RAPSCI. J>-RAP5(I. J> /W(I .J ) 
GO TO 210 

C 
C DEFINE A MINIMUM NON-OVERLAP LIMIT. 
C 

203 DO 6S J- l .HN 
IF( J4'1-MN)40.40.G8 

40 TEST - CHeNCIOO.J*l> 
DO 67 X-1 .100 
1F(CHEN(K. J)-TEST)67. 68.6B 

6T CONTINUE 
68 MNOLLtJ) - K 
62 HN6LLCHN>- I 

c 
C RESPONSE FUNCTION INTEGRATION 

IF(I-MMET>5: 
52 CO-COME 

GO TO S4 
53 CO-COHY 
54 N-lOO 

PCI-PC(l .I> 
PC2-PC(2.t> 
PC3-PCC3.I) 
PC4=PC(4.I) 
PC5-PC<5.I> 
PC6-PCrG.I> 

FOR EACH SET. 

> 0 . 0 
SPWT-O.O 
RS-0.0 
V-CHEN<N.I> 
IF(U/RHI-CO)59.5O.S0 

59 DO 86 J-l.HM 
MHLL - MNOLL(J) 
L-99 

88 U-CHEN(L.J) 
IFC0-C0)56.5T.5T 

56 ARG-V/U 
SPWT - 0.5«(RAPS<L.J)*RAPS(L*l .J)>/U 
S-ACJ)*SPWT 
R5-PC1>AHQ*<PC2*ARG*(PC3*ARG*CPC4*ARQ*(PC5+ARG*(PC6)>))) 
IF<ARG-RHI>94.94.9 5 

9 5 X-X*S»RS«tCHEN(L*l.J)-V/RHI)/A(J) 
QO TO 51 

94 X • X *S*RS 
57 L - L - 1 

I F d - J ) 9 2 . 9 1 . 9 e 
92 IF( l«LL-L>eS.SB.ei 
91 IF(N-L>8a.aB.51 
81 S-(U-CHEN(100.J*1))«SPIIT 

X - X*S4RS 
86 CONTINUE 
51 ARG-V/CO 

RSINT-ARG«<PCI*ARG»(PC2/2.*ARG»<PC3/3.*AH6«(PC4/4.*ARG»CPC5/5.< 
XAH0«PC6/6.»)>»» 

a-AREA(l)*RSINT 
GO TO 89 

50 Q-l.O 
89 HAPSCN.I) - (RAPSCH.I) - X ) / a 

M . M - I 
IF(M)T7.7T.90 

77 CONTINUE 
GO 1 ' 210 

C SCALE TO HAXINUM.DRAV AXES UNTIL SS3 LIT. THEM WRITE ON SCOPE. 
C 

202 WRITE(0.29) 
READ<0.2I)EL0H 
READfO.BDEUPP 

DOITS J-l.HM 
D017' .101 

. CHENd 
I F( U-ELOW) I TS. 165* 1 69 

165 IF(EUPP-U)ITS.166. 166 
166 U-U*RAPS(I.J> 

I F ( U - X > I T 5 . n S . l T 6 
176 X-U 
175 CONTINUE 

WRtTE(0.85) X 
C 

CALL AXIS 
D0205 J- l .HH 
D0205 1 -1 .100 
U - CHENCI.J) 
1F(U-Q.0W) 2 0 5 . 8 0 6 . 2 0 6 

206 IF(EUPP-UJ205.B07.eOT 
807 IX-IFIX(131071-"*LOG(U 

lY-IFIXtnOOOO-'U'RAPSd.JJ 
CALL PLOTdX.ITf) 

205 CONTINUE 

.0V>/1 

801 D017T J-t.MN 
177 WRITE{2.16X RAPSCI 

STOP 

EVALUATE W (DE/DI) FROM THE EXPANSION IN POWERS OF LOG< I >. 

FUNCTION W d . J ) 
OtHENSIDN RAPS(100.S).A(8).CWH(G).CWHC6) 
COMMON CWM.CWH.A.NKET.HAPS.TIME.TIHY 

X-A(J)*FI.0AT(I*28> 
IF(J-NMET)l . l i8 

I IF(X-TIHE)S,T.T 
7 U-1 .0 

RETURN 
S C1-CVHCI> 

Ce-CUMf2) 
C3-CWH(3) 
C4-CVH(4) 
C5-CWH(5) 
C6-CWMf 6) 
GO TO 3 

8 1F(X-TIHY)5.7.T 
5 Cl-CVKC1> 

C8-CtfH(2) 
C3-CtfH(3) 
C4-CWHC4) 
CS-CWK(5) 
C6-CWK(G> 

3 U-ALOG(X) 
WtaCl*U«tC8*U«CC3*U»(C4*U«(C5*U»C6)))) 
RETURN 

I 210 

PUNCH THE SPECTBW-

END 
END 

•C DATA-680 PSNS-3. 
-C WALL AND END (FINITE PROTON RANGE) COHHECTIOH TO PROTON SPECTRA 
-« FROM METHANE COUNTERS. A CORRECTION FOR CARBON RECOILS CAN ALSO 
-C BE MADE. 4 / 1 0 / 1 9 7 0 . 
-C 

DIMENSION RAPSC 100. 3) .MNOLLf 3 ) . A( 31 . CEMt 6) .CPFT( 6. 5> .CLEOf 5>. 
X COPEC 100.3).EDEH{50).FLXL(50) 

COMMON RAPS, COPS. A.CEM. EDEN.FLXL,E1.ME.BSME.TSME. TIME 

16 F0RHATC5E12.5) 
17 FORMAT(FI0.3.E11.4.EI0.3.F5.3) 
20 F0RMAT(Gei2.5) 
81 FORMAT(Pe.l> 
88 FOHMAT<12/12) 
23 F0RMATC//26KMETKANE RESPONSE LIMIT I S - / F 9 . 2 ) 
24 F0RMAT(/15H WHERE TO NEJtT ) 
25 F0RMAT(/15H MAXIMUM FLUX - / E12.5) 
86 F0RMAT(//10X.89KCPFT COEFFICIENTS FOR METHANE ) 
28 FORMATdfi) 

- 29 F0RMAT(/48H INPUT LOWER AND UPPER ENERGY PLOTTING LIMITS 
30 F0RMAT(I4.E18-S) 

-« READ HEADEI^TAPE. 

READ <S.22> MN.NMET 
D0701 J-l.NMET 

- 701 READ(2.16)A( J>.X 

•C READ MATERIAL RELATING ENERGY TO IONIZATION. 
•C 

PAUSE 
READ(8.20>ELME.X.T1ME.X.X.X 
REA0t8.20>X.X,X.X.X.X 
READ(2.20>X.X.X.X.X.X 
READ(2.20>BSME,TSME.X.X 
HEAD(B.aO>(CEM(J). J-1 .6> 
PAUSE 

Ic INPUT FINITE RANGE RESPONSE FUNCTION. THE UPPER EMEHGY CUT OFF 
^ <RLME» MUST BE CHOSEN BELOW TME HIGHEST EMEROY DATUM POINT. 

.<; 
READ(8,16>HLME 
WRITEt0.23>RLME 
NHY-MN-NMET 
NH-NNET 
WRITEC0.26) 
DD31 1 -1 .S 
READ { 2 . 2 0 ) < C P F T ( J . n . J - l . 6 > 

31 W R I T E ( 0 . B 0 » ( C P F T < J . n . J - l . 6 ' 
PAUSE 

•C IMPUT UNCORRECTED PROTON SPECTRA AND SET COPS TO ZERO. 
•<: 

D04 J-I .NN 
4 READ(8>16>(RAPS(I>J) .I-1'100) 

DOS J-1>HN 
DOS I-I .IOO 

5 C O P S ( I . J ) - 0 . 0 
K; TELETYPE INPUT DETERMINES WHAT IS DONE. 
M: 0 SCOPE DISPLAY OF BOTH RAPS AMD COPS. 
-C 1 FINITE SIZE CORRECTION MADE. 
'C 8 CARBON RECOIL CORRECTION. 
K: 3 OUTPUT COPS RESULTS ON TALLY PUNCH. ^^.,,-.„ 
^ 4 SET RAPS E8UAL TO COPS. DO THIS AFTER C RECOIL CORRECTION 
•C 5 READ HIGH ENERGY DOWN-SCATTER SPECTRUM. NORMALIZE ANU 
•C EflUATE TO COPS. 
.C 6 SUBTRACT COPS FROM RAPS AND SET COPS TO ZERO. 
.C 7 EET COPS EOUAL TO RAPS. 

55 



.- e s» ini iTi[o.84> 
READ(0>88> IGO 
| F d 6 0 ) 8 2 9 . 2 0 2 , 2 3 0 

- 230 I F ( I 8 0 - l ) 2 2 9 . 2 0 3 , a 3 1 
- 831 I F ( l S 0 - 2 ) 2 2 9 . 3 5 0 . 2 3 8 
- 232 l F d 6 0 - 3 > e 8 9 . 8 0 1 . 3 T l 
- 371 IF(IOO-4)e29.372.390 
~ 390 I F d 0 0 - 5 ) 2 8 9 . 3 9 1 . 3 9 8 
- 392 I F ( I 0 0 - 6 ) 2 2 9 . 3 9 3 . 3 9 4 
- 394 IFnG0-T)229.39S.E89 

^ SET COPS EaUAL TO HAPS. 

- 395 D0396 J-l.MN 
0039 6 I -

T9 L-L-l 
i r ( I < l > S 0 > 9 3 . S 0 

93 IF<N-100) 8 0 . 8 4 . 6 0 
S4 X - 0 . 0 
SO I F d - J ) 9 2 , 9 1 . 9 8 
9E ir<NMLL-L>B8.88.8l 
91 IF(N-.L>8B.88.e9 
Bl S-(U-CHEM(100.J*n>*! 

X • X»S«RSPF 
8 6 CONTINUE 
89 COPS(H.I) • (COPS(N.l 

M - N - 1 
I F ( N ) 7 7 . 7 7 . 9 0 

~C SET RAPS EQUAL TO COPS. 
•C 
- 378 D03T0 J-l.MH 

D0370 I - l . 1 0 0 
- 370 RAPS(I.J)-C0PSCI.J» 

GO TO 229 
"i INPUT SPECTRA HEPRESEHTINO HIOH-LOW SCATTER AND NORMALIZE 
.C TO DATA ABOVE THE CUT OFF ENERGY RLME. 

- S3 HEAD(a. i6) (COPS(I .J) . I - l . lOO) 
X-0.0 
S-0.0 
DOSl I - l . 1 0 0 
U-CHENd.l) 
IF(U-RLHE)51.S2.52 

52 X-X*RAPSn,l) 
S-S*COPSd,l) 

51 CONTINUE 
DO54 J-l.MM 
D054 I-I.IOO 

M C 0 P S d . d > - C 0 P 5 d . J > « / S 
00 TO 829 

•C SUBTRACT COPS FROM HAPS AND SET COPS TO ZERO. 
-C 
- 393 D055 J-l .NN 

DOSS I - l . 1 0 0 
RAPSd.J)-RAPS(I.J)-COPS(I.J) 

55 C O P S d . J ) - 0 . 0 
GO TO 229 

-C READ A NEUTRON SPECTHltl AND MAKE A CARBON RECOIL CORRECTION. 

- 350 READC2,30) NED.DINC 
D0351 1-1.NED 

- 351 READ(2.17) EDENd ) . FLXLd ) , X.X 
D0360 J-1,MN 
D0360 I-I.IOO 
COPSd.Jf-RAPSd.J) 
U''a.4*CHENd.Jl 
D03GI L-l.NED 
I F<EDEN(L>-U) 362,362.361 

- 361 CONTINUE 
- 362 IF<L-1)360.360.365 
- 355 S-((0.5*tEDENCL-l>*EDEN 

X •SIQCCL) 
L-L-1 
D0363 N-I.L 

- 363 S-S4'(FLXL(N>/EDENCN))*SIGC(N) 
COPSd.J) • COPS(I.J) - I.10*DINC*S 

- 360 CONTINUE 
GO TO 829 

FLXL(L)/(EDEN(L)»EDEN(L)«DINCH 

.« DEFINE A MINIMUM NON-OUERLAP LIMIT. HNOLL. FOR EACH SET. 

-<; 
- 803 DO 68 J-l.MN 

tFCJ*l-MN140.40.e2 
40 TEST • CHEN(IOO.J*1) 

DO 67 K-I,IOO 
IF(CHEN(K.J>-TEST>67,6B.68 

67 CONTINUE 
68 MNOLL(J) • K 
62 MNOLLrHH)-l 

.C RESPONSE FUNCTION I 
-C 

D0380 J-l.MN 
D0380 I - l . 1 0 0 

- 380 COPSd.Jt-RAPSd 
D077 I-l.MN 

ION ALLOWING ENERGY DEPEMOENCE. 

>J> 

H-lOO 
90 X - 0.0 

SPWT-O.O 
RSPF-0.0 
CX-0.0 
W.CHEN(N.I» 
DO 8 6 J-l.HH 
MNLL - MNOLLCJ> 
L-99 

68 U-CHEN(L.J) 
IF<U-RLME>9 5 . 9 5 . 79 

95 D097 K- l .S 
CLEa(K>-CPFT(l.K)*U*(CPFT(8.)()*U*CCPFT<3>K)*U*(CPrT(4>K) 

X«U*(CPFT(S.K)*U*(CPFTC6.K))>>>) 
IF(K<S)97.94.400 

94 CX-CLEGtE) 
00 TO 9 7 

400 CLEe(K>-CLEGCK)*CX 
9 7 CONTINUE 

SPWT - 0.5*(C0PS(L.J)*C0PS(L*1.J)>/U 
KJXSPWT 

ARG • 1-1.0 
TEST - 1.5*ARQ*ARa 
RSPF-CLEa(E) • CLEQ(4)*(TEST - 0 . 5 ) • AROaCCLEOO) * CLE0(5> 

X *(I.66667*TEST - 1 .5 ) ) 
X - X *S>RSPF 

eOE tfRITE(0.89) 
READ(0r8l>CL0W 
READ(0.E1)EUPP 
X>0.0 
DOITS J-l.MN 
D0175 I - l . 1 0 0 
U - CHEM(I.J) 
IF(U-EL0V>1T5>1GS. 

165 I F<EUPP-U> ITS. 166.161 
166 S>U*C0P5d.J> 

ll-U«RAPS(I. J> 
1F(U-X>181.IBI.IT6 

176 X-U 
IBl IF(S-X>175.175 ,180 
180 X-S 
175 CONTINUE 

WRirE(0.85) X 

6 5 

.C AH AXIS DRAWN i I SCOPE UNTIL SS3 IS LIT. 

CALL AXIS 
D020S J-l .HH 
DO205 I - l . 1 0 0 
U • CHEMd.J) 
IF(U-E1.0W)205.206.206 

- E06 IF(EUPP-U)205.207.20T 
- EOT IX-IFIX(13107l.«AL0G(U/EL0W)/AL0G(EUPP/Q,Oll)) 

lY-I FIX( 1 30000. •U»RAPS( I . J ) /X) 
CALL PLOT(IX.IY) 
1Y-IFIX(I30000.«U»COPS(I.J) /X) 
CALL PLOT(IX>IY> 

• SOS CONTINUE . 
SO TO 889 

-C PUNCH SPECTRUM ON PAPER TAPE. 

: IF 552 LIT. CONTINUE METHANE TAPE BY HEADING IN THE UNCORRECTED 
TAPE AMD PUNCHING TME HYDROGEN COMPONENT. THIS IS CONVENIEMT IF 

: NO FINITE RANGE CORRECTIONS ARE TO BE MADE TO HYDROGEN DATA. 

IFdSNSC2))829 .EE9.250 
850 DOSSl J-l.MN 
851 READ(2.16)CRAPS(I .J) . I -1 .100) 

J-NKY 
858 R E A D ( 2 . 1 6 ) ( R A P S d . l ) . I - 1 . 1 0 0 ) 

V R t T E ( 8 . 1 G > ( R A P S d . l ) . l - 1 . 1 0 0 ) 

IF(J)289 ,289 .E5E 

•C EVALUATE THE ENERGY I ilVEN IONIZATION. 

FUNCTION CHENd.J) 
DIMENSION RAPS(100.3).COPS(100.3).A(3>>CEM(6).EDEN(50). 
COMMON RAPS. COPS. A, CEH. EDEH.FDCL. ElJfE.BSME. TSME. TINE 

X-A( J)*FL0ATd+28) 
CUT-ELME-BSHE 
IF(X-TIME)1.S.E 

B CHEM-CUT*TSME*X-TIME 

•U«CEH(2>+U*<CO((3)*U*(CQt(4)*W(CElf(S> 
1 U-ALOa(X> 

CHEM-CUT«X*(CO(( 1 ) 
X*U*CQ1CG>)))>) 

RETURN 

DATA-6S0 PSMS-4. 
WALL AND END (FINITE PROTON RANGE) RESPONSE CORRECTION TO 
PROTON RECOIL SPECTRA TAKEN WITH ({YDROQEN. CORRECTED METHANE 
SPECTRA NAY BE INPUT IF DESIRED. 1 / 9 / 7 0 . 

DIMENSION RAPS(100.8).HN0LL(8>.A(B).CPFT(6. 5 ) . 
XCE1((6).CDI<6).CLEG(S) 

COMMON RAPS.A.Cai.CeH.MMET.ELME.BSME. TSME. TIME. 
XBJIY.BSHY.T5HY.TIHY 

16 F0RHAT(5E18.5) 
80 F0RHAT(6EI2.5) 
21 F0RMAT<F8.1) 
22 F0RMAT(18/I8> 
23 FORMATt/ITMFOR HYDROGEN DATA / ) 
84 F0RMAT(/27KRESP0NSE LIMIT FOR HYDROGEN /FIO.8) 
85 F0RMAT(/15H MAXIMUM FLUX • / EI2.5) 
26 F0RMAT(//10X.30HCPFT COEFFICIENTS FDR HYDROGEN ) 
89 F0RMAT</45H INPUT LOWER AND UPPER ENERGY PLOTTING LIMITS 
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•C READ HEADER T A P E . 
-C 

READ ( 2 . 8 2 ) MN.NMET 
DO701 J- l .HN 

- 7 0 1 R E A D ( e . l 6 > A ( J ) , X 
P A U S E 

-C 

-C READ PARAMETERS R E L A T I N G ENERGY TO I O N I Z A T I O N . 
-C 

R E A D ( 8 . 8 0 ) E L M E . X . T I N E . e i J f Y . X . T I K y 
R E A D < 2 . 2 0 ) X . X . X . X . X . X 
R E A D C E . E O X . X . X . X . X . X 
READt 2 . 2 0 ) B S M E . T S M E . B S K Y . TSKY 
R E A D ( 2 . 2 0 > < C E M ( J ) . J - t . 6 > 
R E A D ( 8 . 2 0 ) < C D ( ( J ) , J - 1 . 6 ) 
P A U S E 

•C 

•C READ F I N I T E RANGE R E S P O N S E F U N C T I O N . 
•C 

H E A D ( 8 . 1 6 ) X 
DOB 5 1 1 - 1 . 5 

- 8 S 1 R E A D < 8 . 8 0 > X > X . X . X . X . X 
R E A D < 2 . 1 6 ) R L K Y 
W R I T E < 0 . E 4 ) R L H Y 
U R I T E ( 0 . 2 6 ) 
DOS I I - I . S 

READ < f i . S 0 > ( C P F T ( J . I ) . J - l , 6 > 
3 1 W R r T E ( 0 . 2 0 ) ( C p r T ( J . I > . J a | . 6 ) 

P A U S E 
•C 

•C READ THE IMCORRECTED PROTON 5PECTTtUM< 
•C 

D 0 4 J - l . M N 
4 R E A D < E . 1 6 > ( R A P S d . J ) . I - 1 . 1 0 0 ) 

P A U S E 
•C 

•C O V E R - W R I T E METHANE WITH CORRECTED R E S U L T S I F S S I I S L I T . 
-C 

I F ( I S H S ( l > ) 2 1 0 . 2 1 0 . 6 S e 
- 8 5 8 DOS J - l . H M E T 

5 R E A D ( 8 . 1 6 ) ( R A P 5 < I . J ) . I - 1 . 1 0 0 > 

- 8 1 0 P A U S E 
I F C I S H S ( 1 1 ) 8 0 4 . 8 0 4 . 2 0 2 

- 8 0 4 t F ( I S N S ( 8 > ) e 0 3 . 2 0 3 . 8 0 1 
-C 
-C D E F I N E A MINIMUM NON-OVERLAP L I M I T . MNOLL. POR EACH S E T . 
•C 

- E 0 3 DO 6 8 J - l . M N 
I F { J * I - M N > 4 0 . 4 0 . 6 2 

4 0 T E S T - C H E N ( 1 0 0 . J + 1 ) 
DO 6 7 K - l . l O O 
I F ( C H E H ( K . J ) - T E S T ) G 7 . 6 8 . 6 8 

6 7 CONTINUE 
6 8 m J O L L C J ) - K 
6 2 H N 0 L L ( M N ) - 1 

.C 
-C R E S P O N S E F U N C T I O N I N T E G R A T I O N ALLOWING EMBRBy D E P E N D E N C E . 

H M - N M E T * ! 
D 0 7 7 I - H M . M N 
N - l O O 

9 0 X • 0 . 0 
S P W T - O . O 
R S P F - O - 0 
C X - 0 . 0 
V - C H E N ( N . I > 
DO BG J - l . N N 
MNLL - M M O U . ( J > 
L - 9 9 

8 8 U - C H E U ( L . J ) 
I F ( U - R L H Y ) 9 5 . 9 5 . 7 9 

- 9 5 D 0 9 7 K - l . S 
C L E G ( K ) a C P F T ( l . X > * U * ( C P F T C E . K > « U * ( C P F T ( 3 . X ) * U * < C P F T < 4 . K ) 

X + U * { C P F T ( 5 . K ) + U * { C P F T ( 6 , K > > > > ) ) 
t F r K - 2 ) 9 7 . 9 4 . 4 0 0 

9 4 C X - C L E G ( 2 ) 
0 0 TO 9 7 

- 4 0 0 C L E G C K > - C L E 0 ( K > 4 C X 
9 7 CONTINUE 

SPWT - 0 . 5 * < R A P 5 ( L . J ) * R A P S ( L * 1 , J > > / U 
S - A ( J ) » S P « T 
ARG - E . * V / U - I . O 
T E S T • 1 . 5 * A R a * A R Q 

R 5 P F - C L E a C 8 ) * C L E G ( 4 > * ( T E S T - 0 . 5 > * A B 0 * ( C L E G ( 3 } * C L E a ( S > 
X X U G e f t e T ^ T E S T - 1 . 5 ) ) 

X • X • s « f i s p r 
7 9 L - L - I 

I F ( I - I ) e 0 . 9 3 . 8 0 
9 3 I F ( N - I O O ) 8 0 . 8 4 . 8 0 
8 4 X - 0 . 0 
BO I F d - J ) 9 2 . 9 1 . 9 8 

- 9 2 I F ( M N L L - L ) 8 8 . B B > B 1 
9 1 I F ( N - L ) B 8 . B B . 8 9 
8 1 S - ( U - C H E N ( 1 0 0 . J * 1 > ) * S P W T 

X - X * S » R S P F 
8 6 CONTINUE 
8 9 R A P S ( N . I ) - t R A P S ( N . l ) - X ) / C L E O ( l ) 

N - N - 1 
I F { N ) T T . 7 7 . 9 0 

T7 CONTINUE 

00 TO 210 
-C 
•C SCALE TO MAXIMUM. DRAW AXES ( U N T I L S S 3 L I T ) AND WHITE ON S C O P E . 
-C 

- 8 0 8 W R I T E ( 0 . E 9 ) 
R E A D ( 0 . 2 1 > E L 0 V 
R E A D ( 0 . 8 1 > E U P P 
X - 0 . 0 
DO I T S J - l . M N 
D 0 1 7 5 I - I . I O O 
U - C H E N d . J ) 

I F ( U - E L 0 W ) 1 7 S . 1 6 5 . 1 6 5 
- 1 6 5 i r ( E l F P - U ) l 7 5 . 1 6 6 . 1 6 6 
- I G 6 U - U * R A P S ( I . J ) 

I F { U - X ) 1 7 5 , 1 7 5 . n 6 
- 176 X-U 
- 1 7 5 CONTINUE 

W R I T E ( 0 . 2 5 ) X 
• C 
• C DRAW A X I S . 

•c 
CALL A X I S 
D O 8 0 5 J - l . M N 
DOEOS I - l . 1 0 0 
U - C H E N d . J ) 
I F C U - E L 0 W ) 2 0 5 . E 0 e . 2 0 6 

- 8 0 6 I F ( E U P P - U ) 2 O S . 2 O 7 . 2 0 7 
- 2 0 7 I X - I F I X ( I 3 1 0 7 1 . * A L 0 Q ( U / 

1 Y - I F I X ( 1 3 0 0 0 0 . » U « R A P S C 
CALL P L O T ( I X . I Y ) 

- E O S CONTINUE 
0 0 TO 8 1 0 

•C 

- C PUNCH SPECTRUM ON PAPER T A P E . 
- C 

- 2 0 1 0 0 1 7 7 J - l . M N 
- 1 7 7 W R I T E ( E . I 6 ) ( R A P S ( I . J > . I - 1 . 1 C 

STOP 

-C EVALUATE THE ENERGY FOR AMY VALUE 0 I O N I Z A T I O N . 

FUNCTION C H E N C I . J ) 
DIMENSION R A P S ( 1 0 0 . 8 ) . A ( e ) > C B 1 ( 6 ) . C £ H ( 6 ) 
COMMON R A P S . A . C E M . C E M . N M E T . E L M E . BSME. TSME. 

X E L K Y . B S H Y . T S M Y . T I H Y 

X - A ( J > « F L 0 A T d * 2 8 ) 
I F ( J - N M E T ) l . l . a 

I C U T - E L M E - B S M E 
1 F < X - T I M E ) 3 . 3 . 4 

4 C H Q J - C U T + T S M E - T 1 M E * X 
RETURN 

3 C 1 > C E M ( I ) 
C E - C E M ( S ) 
C 3 - C E M ( 3 ) 
C 4 - C E M ( 4 ) 
C 5 - C E M ( 5 ) 
C6>CEM<G) 
GO TO 5 

8 C U T - E L H Y - B S H Y 
I F ( X - T I H Y ) G . 6 . 7 

•( C H E N - C U T t T S H Y * X - T I H Y 
RETURN 

6 C I - C B ) ( 1 ) 
C e - C E H C 2 ) 
C3-CE»(3> 
C 4 - C E H ( 4 ) 
C 5 - C E H ( 5 ) 
C6-Cai(6) 

5 U - A L O G ( X ) 
C H E W - C U T * X « ( C l * U « ( 0 2 * U « ( C 3 * U « t C 4 * U « ( C 5 * U » ( 
RETURN 
BMD 
END 

DATA-680 PSNS-S. 
CALCULATION WHICH D E R I V E S THE SPECTRUM OF I N C I D E N T NEUTRONS 
FROM A P H O T O N - R E C O I L ENERGY D I S T R I B U T I O N BY S L O P E - T A K I N G 
OVER A S P E C I F I E D ENERGY I N T E R V A L . 4 / 1 0 / 7 0 -

DIMENSION R A P S r i 0 0 > . E D E N ( 8 1 5 ) . F L X L < 2 I S ) . E R F L ( a i 5 ) . 
X C E M ( 6 > , C E K < e ) . A ( 9 ) . C < 9 ) 

COMMON R A P S . E D E N . F L X L . E R F L . C E M . C E H . A . C . N M E T . 
X E L H E . B S M E , T S M E , T I M E . E L K Y . B S H Y . T S H Y . T I M Y 

THE S L O P E - T A K I N G HALF INTERVAL I S COMPUTED FRON-
5 T H W < E ) - S a R T ( R A * H A * H B * R B / E ) 

THE I N T R I N S I C H E S O L U T I O N ( FWHM) I S COMPUTED FROM-
F W H M ( F W . E ) - S a R T ( F W * F W * 0 . 1 7 / e ) 

1 6 F 0 R M A T < / 1 2 H S L 0 P E TAKING / / / 
X S 9 H 1 N P U T C F 1 0 . 5 ) R A . R B . D I N C . I N P U T ( I 2 ) N 1 NON-ZERO FOR HETH ONLY. / 

1 7 F 0 R M A T ( / 4 4 H I N P U T LOWER AND UPPER ENERGY P L O T T I N G L I M I T S ) 
1 8 F O R M A T ( F 1 0 . S / F 1 0 . 5 / F 1 0 . 5 / 1 2 > 
19 F 0 R M A T ( 5 E 1 8 . 5 > 
EO F 0 R M A T ( G E I 8 . 5 ) 
2 1 F O H M A T ( F B . l ) 
8 8 F 0 H M A T < I 8 / I B ) 

8 3 F 0 R M A T ( 4 3 H I N P U T FWHM FOR METHANE AND HYDHOQENt F I O . 5 / ) 
X 3 I H A N D R E S P O N S E L I M I T R L M E C F 1 0 . 2 ) / > 

• ( F 1 0 . 3 . E 1 1 . 4 . E 1 0 . 3 . F 5 . 3 ) 
: ( F 1 0 . S / F I 0 . 5 / F I 0 . E ) 

3 2 F 0 R M A T ( I 4 . E 1 8 . S > 
C 

C I N P U T MATERIAL R E L A T I N G TO S L O P E - T A K I N G I N T E R V A L . R E S O L U T I O N . 
C LETHARGY I N T i R V A L . D I N C . SHOULD NOT BE L E S S THAN . 0 4 FOR FULL S E T . 
C NO REASON TO S E T RA L E S S THAN F W H M / 2 . RB MAY BE SET TO Z E R O . 

C 
W R I T E ( 0 . 1 6 ) 
R E A D ( 0 . 1 8 ) R A . R B . D I N C N l 
W R I T E ( 0 . 2 3 ) 
R E A D ( 0 . 2 5 ) FWMEi FUMY.RLME 

C 
C READ HEADER T A P E . 

READ(8.S8)N 
DO701J-l.MN 
READ(8.19)A 

.NHET 

J>.C(J> 
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PAUSE 

READ PARAMETERS RELATIf ENERGY TO IONIZATION. 

READ(2.20)ELME.X,TIME.ELHY.X.TIHY 
READ<8.20)X,X,X.X.X.X 
READ(2,20)X.X,X,X.X.X 
READ(a.20>BSME. TSME.BSKY. TSKY 
HEA0(2.20)<CEM(J>, J - 1 . 6 ) 
READ(2,20)(CEH(J).J-1.6) 
I F { N I ) 2 , I . 2 

2 HN-NMET 

1 PAUSE 

FOHM EDIT ENERGIES HAVING FIXED LOGARITHMIC SPA 
00 NOT USE DATA ABOVE RESPONSE LIMIT RLME. 

51 
52 

50 
15 

D05I 1-3.100 
X-CHENd.l) 
1F<RLME-X)52,52,51 
CONTINUE 
X>CHEN(I-E'>> 
EDENd) • X/(|.*STHW(X) 
TEST - CHENd.MN) 
DO 50 1-2 .215 
FLXLd)-0 .0 
eRFLd)-0.O 
EDENd) • EDENd-1 
ED • EDENd) 
IF(ED-ED*STHW(ED)-
CONTINOE 

, MED - I - l 
FLXL< D-O.O 
ERFLt l ) - 0 . 0 

READ EACH 100 CHANNEL 

DO 28 J-l.MN 
READt2, 19)(RAPSd ) 

TESTl 

1 

• DINC 

'IS.I 

PROTON : 

, 1 - 1 . >IOO 

15. 

>PE 

50 

;CT1 

DEFINE RANGE OF ENERGY 

CHENJ - CHENd00,J) 
K • 1 

.01 IFCCKENJ - EDEN(K))60a,602. 
02 K - H • 1 

GO TO 60 

SLOPE TAKING. 

604 K 1 
603 EDIT - EDEN(K) 

X • EDI T«STHW( EDIT) 
TESTl - EDIT • X 
TEST2 • EDIT - X 
IFCCHENJ - TEST1)604.G04.605 

605 IF(CHENd.Jl - TEST8)606.88.38 
606 ITEST - 100 
623 IFCCHEN(ITEST.J) - TESTl ) 670. 665|.669 
669 ITEST • ITEST - 1 

00 TO 623 
670 N2 - ITEST • I 

ITEST • I 
614 IFtCHENCITEST,.. 
615 ITEST • ITEST • 1 

GO TO 614 
616 Nl - ITEST - I 

C 
C DETERMINE SLOPES AND E 

. TEST8)6I5,615.( 

687 TCHEN 

T 5 • 

CKEN(L.J) 
• TCHEH*HAPS<L) 

Ta * TCKEN 
T3 • HAPSCL) 
T4 • TCHEN*TCHEN 
TS •• RAPS(L>»TCH£N«TCHEM 

n*A<j>> 

IF{N2 - L)688,687.6S7 
688 T2S0 • T2*TE 

V • FL0AT(H2 - Nl • I) 
SLOPE - (T1«V - T2»T3)/<I4*V - TSSQ) 
ER5L-S0RT t(T5«V»V*T3«T2S8-8.«T1»T8*V)/I 

X /(T4«V-T2S0) 
Tl- -1.86*EDIT>(9.415E-05) *EDI T'EOITX 1 .306E-I0> 
T2- 0 .4223 * EDIT*d.30E-04) 
S lGE-9 .4248/ (EDIT*d.206E-03)*Tl*Tl )* 

X 3.14I6/(EDIT*(I.806E-03)*T2*T2) 
TiMP - EDIT*EDIT/SIGE 

C 
C STORE FLUKES AND ERRORS WITH REGARD TO OVERLAP. 

IFCERFL(K)>38,39,38 
38 X - TQ1P>EnSL*TEMP*ERSL 

DEN • I./(EHFL(K>*ERFL(K>>*I./X 
FLXL<K)-<FLXL(K)/ <ERFL(K)*ERFL(K)) 
ERFL<K) • l./SSRT (DEN) 
GO TO 604 

39 FLXL(K) • -TEMP'SLOPE 
ERFLCK) - TQIPVERSL 
QO TO 604 

•TE11P*SL0PE/X)/DEN 

CIMUH. TRACE AXES (UNTIL SS3 LIT) AND PLOT OH SCOPE. 

1 WRITE(0.17] 
READ(a.2l> ELOW 
READ(O.ei) EUPP 

X • D.O 
D0e02 I- l .NED 
I F( EDENd )-a .0U>8OE.840.240 

E40 IF(EUPP-EDEN(I))208.241.84I 
E41 t F(X-FLXLd)) 201 .E02 , 802 
801 X - FLXLd) 
EOE CONTINUE 

C 
CALL AXIS 
DOEOS I- l .NED 
IF(EDEN(I)-Q.0W)80 5 . 2 4 7 . 2 4 7 

247 IF{EUPP-EDENd>1205.a06.206 
E06 IX-IFlXd3l071.*AL0G(EDENd) 

IY«IFIXd30000.«FLXL(l ) /X) 
CALL PLOTdX.lY) 

205 CONTINUE 
QO TO 245 

C DELETE EMPTY DATA LOCATIONS BEFORE PUNCHING. 
C 

29 L - 1 
506 IF(ERFL(L))S03.504.S03 
503 L - L * 1 

IF(L - NED)S06. 506. 605 
504 NED - NED -

•E1,OW)/ALOG(EUPP/ELOW)> 

DO ; < L.NED 
< ERFL(X 

FLXL(K) - FUtL(K*l) 
508 EDEN(K) - EDEN(K»I) 

QO TO 29 
C 
C DETERMINE OVERALL RESOLUTIO 
C 

505 WRITE(8.32)NED.D1NC 
TEST-CHENd.NMET) 
D0207 I - l .NED 
ED-EDENd) 
I F( ED-TEST) 40 1 .40 I . 402 

402 V-FVHM<FWME.ED> 
GO TO 403 

401 U-F¥HM(FWHY.ED) 
403 X-2.0*STHW(ED)/V 

I F(X-1 .0) 404 . 404 . 40 5 
404 TEMP-U 

GO TO 207 
405 TEMP-V«(|.0«0.G5»(X-1 
207 WRITE(2.24> ED.FLXLCI 

STOP 
END 
END 

(FUHM) AND PUNCH RESULTS. 

.ERFLd).TEMP 

C EVALUATE THE ENERGY 1 I QIVEN IONIZATION. 

l ) .EDEN<215) .FL)n,(2l5) .ERFL(8l5) . 
FUNCTION CHENd.j; 
DIMENSION RAPSdOf 

XCEM(6).CEH(6).A(9>.C(9) 
COMMON RAPS, EDEN. FLXL> ERFL.CEK.CEH.A. C. NMET. 

XELME, BSME. TSME. TIME, ELHY.BSHY.TSHY.TIHY 

X-A(J>*FL0ATd*8e) 
IF(J-NMET)1.1.2 

1 CUT-ELME-BSME 
IF(X-TIME)3.3.4 

4 CKCN-CUT*TSME-TIME*X 
RETURN 

3 C1-CEM<I) 
CS-CEM<2) 
C3-CEM(3> 
C«-CEM(4) 
C5-CEM(5) 
C6-CQ1(6) 
GO TO 5 

8 CUT-ELHY-BSHY 
IF(X-TIHY)6.6.T 

7 CHEN-CUT*TSHY*X-T1HY 
RETURN 

6 CI-CEK(I) 
C2-CEH(a> 
C3-CO<(3) 
C4-CEH(4) 
CS>CEH(5) 
C6-CEHC6) 

5 U-ALOOCX) 
CHEM-CUT*X«(CI*U«(C8*U"(C3»U«(C4*U»(C5*0»C6>> 
HETUf 
END 

The storage scope is reached through the subroutines 
AXIS and PLOT. AXIS, when called, traces a rectangular 
box upon the storage screen. Vertical and horizontal gain 
adjustments may be made until the box is centered on the 
scope face, at which time sense switch No. 3 wilt cause an 
exit to the main program for plotting. The subroutine 
PLOT outputs two integer arguments (X and Y coordi­
nates) to the storage scope. The maximum output decoded 
is 2 '^ - 1, and scaling is done to maintain the arguments 
within this limit. The subroutines AXIS and PLOT are 
described in Ref. 18. 
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Rather than hst the input for each program separately, depending on the program, various combinations of tapes 
we have grouped the input in Tables F.l-F.VI according are used. The order in which the tapes are to be 
to the subject matter contained. The data in each table input is contained in the comment statements in the 
are contained on a separate piece of paper tape. Then, programs. 

TABLE F.I. Data on Header Tape for PSNS Data-reduction Codes 

Record Variable Format Descriptiona 

MN 

NMET 

A(J) 

12 

12 

En.s 

Total number of voltage runs. Must not exceed eight. 

Number of runs with the methane counter. 

Ionization per channel in keV. The input is from the lowest 
voltage to the highest voltage, starting with the methane 
values first. 

C(J) EI2.S Product of the live lime and hydrogen atom number in the 
effective volume. 

Record 3 is repeated for each voltage 

^There is a more complete description in Section XI.A. 

TABLE F.II. Uncorrected Proton-recoil Data 

Description^ 

DNUM F7.0 The number of events per channel is DOFL»13!071. + DNUM. 
DOFL F7.0 

The information is input from low channels to high channels. The first record is 
repeated 100 times for each voltage. The input is from the lowest voltage to the 
highest voltage, starting with Ihe methane sets first. 

^There is a more complete description in Section XI.A. 

TABLE F.III. Data for the Electric-field Response Function 

Variable Format Description^ 

COME Ei2.S Cutoff value for field-response integration correction for 
the methane-filled counter. 

COHY EI2.5 Cutoff value for field-response integration correction for 
the hydrogen-filled counter. 

AREA(I) EI2.S Fractional weight of the contained part of the response 
function defined to include amplitudes in excess of RHI. 

Record 2 is repeated for each voltage from the lowest voltage to the highest voltage, 
starting with the methane values first. 

PC(J,I) 6E12.5 The coefficients of the fifth-order least-squares polynomial 
fit to that part of the response function below RHI. 

Record 3 is repeated for each voltage from the lowest voltage to the highest 
voltage starting with the methane values first. 

Fraction separating the response into diagonal and off-diagonal 
parts. Usually set to 0.7. 

SThere is a more complete description in Section XI.B.2. 
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TABLE F.IV. Data Relating W and Energy to Ionizat ion 

Record Variable Descript ion^ 

Energy lower limit in keV for me thane . 
Ionization lower limit in keV for me thane . 
Lowest ionization in keV a( which W is assumed cons tan t for me thane . 
Energy lower limit in keV for hydrogen . 
Ionization lower limit in keV for hydrogen . 
Lowest ionizat ion in keV at which W is assumed cons tan t for hydrogen . 

ELME 
BIME 
TIME 
ELHY 
BIHY 
TIHY 

CWM(J) 

CWH(J) 

BSME 

TSME 

BSHY 

TSHY 

CEM(J) 

CEH(J) 

E I 2 . 5 
E12.5 
E12.5 
E12.5 
E12.5 
E12.5 

6E12.S 

6EI2 .S 

E12.S 

E12.5 

E12.5 

E12.5 

6E12.S 

6E12.S 

Expansion coefficients relating W t o ionizat ion for m e t h a n e . 

Expansion coefficients relating W to ionizat ion for hydrogen . 

Constant used in determing energy-to- ionizat ion re la t ionship for 
methane.t* 

Constant used in determing energy-to- ionizat ion re la t ionship for 
hydrogen. 

Constant used in de terming energy-to-ionizat ion re la t ionship for 
hydrogen. 

Constant used in determing energy-to-ionizat ion re la t ionship for 
hydrogen. 

Expansion coefficients relating energy to ionizat ion for me thane . 

Expansion coefficients relating energy t o ionizat ion for hydrogen . 

^There is a more complete description in Section VLB. 
^iSince the quanti t ies BS, TS, and CE are all derived from the CW coefficients together w i th EL, Bl, and TI , 

there is some redundancy of data involved. To minimize compute r s torage, these energy expans ion t e rms , 
once derived, are included on the tape containing the CW, etc . , terms for use in those codes requir ing E vs I. 

TABLE F.V. Data for WaU-and-End Response Func t ion 

Variable Format Description^ 

RLME E12.S 

CPFT(J,1) 6E12.S 

RLHY E12.S 

CPFT(J , I ) 6E12.5 

The downscat ter spect rum is normalized from RLME to the last 
da tum point . It must be within the range of the Legendre 
polyomial parameter izat ion of the response funct ion . 

The coefficients of the fifth-order least-squares po lynomia l fit 
to C L E G ( l ) through CLEG(S) for the me thane coun te r . 

The limit energy for the use of the response function for the 
hydrogen coun te r . 

The coefficients of the fifth-order least-squares po lynomia l fit 
t o C L E G ( l ) through CLEG(5 ) for the hydrogen coun te r . 

^There is a more complete description in Section XI.B.3. 

TABLE F.VI. Data Relating to Slope-taking Interval and Resolut ion 

Variable Format Descript ion^ 

RB 

DINC 

FWHY 

RLME 

FlO.5 

F I 0 . 5 

FlO.S 

FlO.2 

RA and RB specify the slope-taking half-interval. It is equal 
to S Q R T ( R A * R A + RB* RB/E) , where E is in keV. RA should 
not be set less than half the mechanical resolut ion of the 
detector . 

RB may be set equal to zero. 

The lethargy spacing between energies at which the neu t ron 
spect rum is de te rmined . Should not be less than 0.04 if 
eight voltage sets are used. 

Greater than zero if only methane data are used. Useful for 
obtaining neu t ron spect rum for carbon-recoU cor rec t ion . 

The mechanical resolut ion of the me thane coun te r defined as 
full width at half m a x i m u m . It is assumed to be i ndependen t 
of energy. 

The mechanical resolut ion of the hydrogen coun te r . 

The max imum energy in keV at which the neu t ron spec t rum is 
to be de te rmined . 

*There is a more comple te descript ion in Section XI.B.« 
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