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MlRODUCTxCSI 

the BS9 («t,n) C*2 reaction has long been of interest to experimenters, 

and in fact, was the reaction from which the existence of neutrons was first 

established by £hadaiek in 1932* The neutrons emitted as reaction products 

for energies up to 5*3 lev may occur in three energy groups as a result of 

the competing processes: 

^Be9 * gHc^—>■(&&3)—* 0nl * 5*?1 lev (ground state) 

* —>- ($&3) —f 1*28 lev (1st excited state) 

* gHe^ —> j,jev (2nd excited state) 

Only the first two of the above groups will be dealt with in this work* 

Bonner, Kraus, Marion, and Schiffer obtained excitation curves for 

this reaction, studying gama~ray and total neutron yields*1 Subsequent* 

ly, data was obtained with energy resolution of the two neutron groups by 

Janas, Jones, end Wilkinson,2 and by Risser, Price, and Class.3 James, 

Jones, and Wilkinson obtained excitation curves and angular distributions 

in the range 0*3 to 1*1* lev. Risser, Price, and Class obtained 0° exci¬ 

tation curves for the ground state neutrons with -particle energies from 

1*7 to 1*.S Mev and for the first excited state from 3*1 to 1**8 Mev. They 

also obtained angular distributions for ground state neutrons in the range 

2 to 5 Mev and for the first excited state from 1* to 5 Mev. 

The present work was done in collaboration with Hr. J. D* Chalk, and 

was undertaken to on effort to fill gaps within this range and otherwise 

extend the data wherever possible* The information obtained consisted of 

ground state angular distributions for 1**11* lev, 1**38 lev, and 1**87 Mevj a 

first excited state angular distribution for 1**08 Ifevj an excitation curve 

for the high energy group from 1**03 to 5*1*2 Mev, and for the lower energy 
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group frost k,£3 lev-to 5*3k lev* (Energies are those of ©^-particles-on 

the target face.) 

The neutron spectrometer which had been used by Rlsser, Price/' and 

Class was used in this work* Mo difficulties were encountered in obtain¬ 

ing any of this data except for the first excited state angular distribu¬ 

tion at h*0B llev. At this bombarding energy, the neutron energies at the 

backward angles become quite low — around 3 lev and less. In addition 

the neutron intensity is low, and it becomes extremely difficult to obtain 

reliable data in the presence of the high energy neutrons and intense gamma 

radiation* Risser, Price and Class had encountered the same difficulty for 

this particular angular distribution* and their polished curve showed a 

certain amount of unreliability for the points ^greater than 126°. The first 

attempt by Hr. Chalk and the writer to obtain better back angle data at 

this energy was also unsuccessful* It was decided that the problems in¬ 

herent in obtaining low energy, low intensity neutron data should be thor¬ 

oughly investigated. The writer undertook this phase of the work, and, in 

accordance with this scheme, the information obtained up to that point was 

divided, with Mr* Chalk taking the data for the ground state group and the 

writer tailing that for the first excited state* This paper will present the 

problems involved, the means proposed for circumventing them, a description 

of the corrective measures already carried out, and the results obtained* 
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SECTIGsf I - DIFFICULTIES 333 COUUTHG L0».-EBBRGY-BEUTRQMS 

An examination of the factors involved in detecting the first 

excited state neutrons may well begin by studying the energies of the 

reaction. Consider the reaction A(i,p)R* It nay be shown that the 

value of Q is given bysk 

Q » Ep Cl * ®£) - Ej { 1 - ®i). - g(rapEpmiEl)i cos 9p . 

where E denotes kinetic energy, m is mass, and 9p is the center of mass 

angle at which the particle p is ejected* Solving for Ep! (. ^ !/g 
(Q * (1 - fi)EiJ + 2 / mpEpm^EA cos 9p 
_ % y * : mpx ^ 

The formula may be applied to the Be^(o<: ,n) reaction. Considering the 

case where Q » 5i71 Kev, some values of for various angles and *s 

arc as follows® 

9c.a* E % 
0° 5.0 Kev 10*6 t-iev 
0° 2.0 Mev 7.7 Mev 

180° 5.0 Kev 6.8 Mev 
180° 2*0 Mev 5.5 Mev 

The lowest neutron energy for this range of values is 5.5 Kev. Bow ob- 

taining some values for Q ** 1.28 Mev* 

9 c.m. En 
00 Mev 5*9 Mev 
0° 2.0 Mev 3.2 Mev 

180° 5.0 Mev 3.1 Mev 
180° 2.0 Mev 1.8 Mev 

The maxima neutron energy for this case is only a little higher than 

the minimum for the other Q value, and the minimum is only a third as 

great* 

To show how the energies of reaction influence the taking of data, 

it will now be necessary to consider the principles involved in the 
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neutron counter operation* The counter has been described in previous 

literature,^ therefore its construction will not be exhaustively dis¬ 

cussed here* Its essentials are: a polyethylene radiator for produc¬ 

tion of recoil protons under bombardment by incident neutrons, and a 

proportional counter of 2 7/8 " diameter with a .010” diameter central 

electrode, operated in coincidence with a Csl crystal scintillation 

counter. Counter gas is 9$% argon and $% COg. The coincidence pulse 

operates a gate circuit which allot/s the linearily amplified pulse from 

the crystal to be recorded by a 20-channel analyser, or other counting 

equipment* (See block diagram, Fig. 5)). Protons from (be Cf?2 radiator 

traverse a distance of 10 cm in the gas before striking the crystal* Of 

this distance, 7*3 cm is within the active volume of the proportional 

counter* . ' ■: 

An important detail of the system is the thickness of the poly¬ 

ethylene radiator* In order to present the greatest cross section for 

proton recoils from the neutrons, thereby securing the greatest possible 

counting rate for a given neutron flux, it is necessary that the thick¬ 

ness be no smaller than that required to maintain the proton, energy 

spread within reasonable limits; i.e», within the limits imposed by re¬ 

solution requirements* It might be supposed, for example, that a spread 

over lk channels of a 20 charnel analyser, covering a range of 10 volts, 

with base-line set at 30 volts, could be tolerated for a given experiment* 

This would constitute a 7 volt spread centered, let us say, at 35 volts* 

Then the allowed radiator thickness in terms of energy (ignoring other 

influences on energy spread, for the moment) will be about «?1 Mev. From 

range-energy relations for protons In air? it is found that 5 Mev protons 

will be degraded to h.l Mev by 9*S cm of air. From values of relative 

— h - 



atomic stopping power for C and H given by Livingston and Bethe,8 it 

is found that the relative atomic stopping power for CHg, with 5 Mev 

protons, is about 1.3. Then the relative stopping power with respect 

to air 1st 

fa A 

where ^>r is density of the CHg, 
Aa is the "atomic weight” of air, 

lh*h$ is air density, 1.2 mg/cm3j and A is atomic weight of the CHg, 

llu Zt is found that S « 1000. Then 9*5 cm of air Is equivalent to 

9*5 X 10**3 cm of CHg. It is seen that the CH2 thickness must be re- 

stricted to about 9.0 mg/ca? fo* the energy spread specified, under the 

above conditions. We may now inquire as to what thickness can be toler¬ 

ated for 3 ffev protons. In this case a maximum loss of only *$k Hev can 

be endured. The range-energy curves give 3.7 cm of air for this circum¬ 

stance, and calculating as before, it is found that, since s is nearly the 

same, the radiator thickness must be only 3*3 mg/cm? for the specified 

energy spread* For this thickness, the/crqss sectiojyfor proton recoils 

will be only JD times that which can be used for 5.0 Mev protons, and 

the counting rate will be proportionately lower. 

The next item to be investigated will be that of the argon and COg 

mixture through which the protons travel before giving up the remainder 

of their energy to the scintillation crystal. The relative stopping 

power of argon is .96, so the equivalent air path for the protons when 

using 1/3 atmosphere pressure is 3.2 cm. A 5 Hev proton will lose about 

.19 Mev in this case, or 3*8$, while a 3 Kiev proton will lose ,51 Mev, or 

17$. It is not feasible to lower the gas pressure indefinitely to reduce 

this portion of the energy loss, Practical difficulties arise from the 

S * r Aa 
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fact that the multiplication factor tends to depend very critically on 

the applied voltage at reduced pressures, and the stability required of 

the power supply becomes extreme. 

The third factor to be considered is the counting efficiency of the 

neutron spectrometer. The fraction of neutrons incident on the radiator 

which cause protons to reach the crystal scintillator is 1.2 X 10-6 times 

the neutron-proton scattering cross-section in barns per mg/cm^ of CHg*? 

Heutrons of 5 Mev on a radiator .010 cm thick will, then, be counted with 

an efficiency of about 6.7 X 10-6 counts/incident neutron. 

The final item is the background, which includes coincidences aris¬ 

ing from electrons ejected from the counter trails, because of the Intense 

gamma radiation; and protons ejected from the walls due to nuclear reac¬ 

tions caused by the neutron flux. When the counter has been designed to 

be useful for energies up to, say, 15 Mev, as in this case, the scintil¬ 

lation crystal is made just thick enough to completely stop 15 Mev pro¬ 

tons* If thicker, its efficiency for counting gamma rays will increase* 

For use at low energies the crystal thickness may be several times greater 

than necessary to stop the protonsj hence the ratio of gamma ray counts 

to proton counts will be increased. At the low energies, then, it is ex¬ 

pected that counts of single events from the crystal x/ill be more than 

for higher energy neutron counting. It may be mentioned that an oppo¬ 

site effect occurs at high energies. Here the specific ionizationiiln 

the gas falls off to a marked extent, resulting in a reduction of pulse 

amplitude. An extremely large number of slow electrons will produce 

pulses comparable in magnitude to these reduced recoil proton pulses, 

so that when the amplifier gain is increased in proportion to the loss 

in amplitude, the number of “singles” from the gas counter will increase 
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greatly. 

The arguments given may now be summarized as follows: Since the 

counting efficiency is intrinsically low, the radiator thickness must 

be carefully adjusted to maintain the proper compromise between resolu¬ 

tion and efficiency, for a given energy. Gas pressure must also be con¬ 

sidered. In any case, we must introduce a considerable loss of efficiency 

when low energy neutrons are to be counted, and if neutron intensity is 

low, the effects of background will be proportionately deleterious to 

the data stained* 
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SECTION H - PROGRAM FOR EXTENDING SPECTROMETER RftHGE- TO LOWER ENERGIES 

From consideration of the factors outlined in Section I, it is evi¬ 

dent that a promising line of attack for the problem of low neutron ener¬ 

gies would be to reduce the background counts. At this point, a ndouble- 

barreled" approach suggested itself. If the pulse rise times could be 

increased, the resolving time of the system could be reduced, and con¬ 

tributions to background resulting from causally unrelated events might 

be decreased, in accordance with the formula: 

■ A « 2WIT32T' . - 

where A is number of accidentals, ‘7' the resolving time, and Ri and Ng the 

single events from counters 1 and 2. The reduction in resolving time, how¬ 

ever, would have no effect on background due to unwanted coincidences. 

These are mostly caused by slow electrons, whose energy dissipation in 

the scintillation crystal is comparatively low# These can be eliminated, 

to a large extent, by discriminator biasing. It is here that the double 

advantage of increasing the rise time becomes evident. Faster rise times 

would enable the bias of either discriminator to be varied over a wide 

range igithout changing the time relation between the two pulses at the 

coincidence circuit input. 

In order to approach the problem as intelligently as possible, the 

following study, under the heading ’'Pulse Shapes,tt was undertaken. Elect¬ 

ronic factors are then gone into, and a program for improving the situa¬ 

tion is advanced. Experimental procedure for carrying out this program 

is described next, together with various tests performed to determine 

how the altered equipment was operating. 
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Pulse Shapes 

A series of photographs was made of crystal and proportional counter 

pulses, and rise times were measured* The time scale was determined by 

photographing reflections of a sharp pulse in a 0,6 microsecond delay 

line with one end short-circuited and was checked against an oscillator. 

The rise time is defined as the time from 0,1 to 0.9 of fUll amplitude. 

The results obtained are as follows* 

Device Conditions Mean Rise Time 

Csl 850 volts on photomultiplier tube 0.83 microsec. 

Prop. One month old filling of A and l.i* microsec. 
Counter 5% CO2 at 1/3 atmos., voltage 1650. 

” H Mew filling of same mixture at 2/3 1.1* microsec. 
atmos., voltage 2350. 

M ,! Mew filling of same mixture at 1/3 1.3 microsec. 
atmos., voltage 165G. 

The crystal pulses tended to be of quite uniform amplitude and 

rise time, after small pulses had been discriminated against. The 

proportional counter pulses showed considerable variations in ampli¬ 

tude and some variations in rise time. A typical group of these might 

contain pulses with rise times deviating from the mean value by as much 

as 30$. This is considered reasonable, in view of the unavoidable dif¬ 

ferences in position of original ionizing tracks in the counter. The 

number of observations from which averages were taken was only about a 

dozen in each case? therefore, the rise times for the new and old gas at 

1/3 atmosphere are alike within esgaerimental error. This constancy of 

behavior over long periods of time had been previously reported by Risser, 

Price, and Class, and substantiates the argument that careful filling of 

the counter, teflon gaskets, anda/oidance of any organic material in the 
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inner construction of the counter can result in remarkable gas constancy. 

A typical scintillation crystal pulse is shown in figure it, trace X. 

The rise time is considerably faster than that of the gas.counter, as may 

be noted by comparison with trace I of figure 1, and reference to table I* 

Fhotogtpphs were also taken of proportional counter pulses under con¬ 

ditions not normally usedj i.e., with a 60 megohm grid resistor for the 

6AK5 cathode follower, and the same resistance in series .with the voltage 

source, the purpose was to obtain a truer picture of the voltage varia¬ 

tion resulting from ion motion in the gas. Since the normal value of 

these resistors is 2 megohms, the time constant is too short to allow 

observation of the pulse throughout the whole time of ion travel. Trac¬ 

ings from photographs obtained under the two conditions were superimposed 

in figure 1, giving trace II, normal RC, and trace :i., .high-RG* Figures 

2 and 3 show typical pulses obtained with-1 longer oscilloscope sweep times, 

for the long time constant circuit* 

The observed proportional counter pulses may be compared with those 

to be expected from the theory. The expression for the voltage induced 

at the central electrode will be developed,?-® using the following nota¬ 

tions 

q+ * induced charge due to positive ion 
e ** ion charge (1.61 10-i9 coulombs) 
C “ capacitance of chamber and input to amplifier 
b = radiuis of outer electrode 
a ® radius of inner electrode 
K « heavy ion mobility 
V ® voltage between electrodes 

Consider one electron reaching the central electrode, and one posi¬ 

tive ion formed there. The potential due to these effects will bes 

V(t) = " e ± q+(t) = - e (1 - q+(t) 
C ^ 
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PROR COUNTER 

PULSES 

0 I 2 3 4 5 6 7 8 
Microseconds 

Figure 1 - I, Proportional counter pulse for high RC$ 

II, Proportional counter pulse for normally used RCj 

III, Proportional counter pulse after amplification and clipping 

PROR COUNTER 

Figure 2 - Proportional counter pulse, high RC 



Figure k - Scintillation crystal pulses, I, before1 amplification; 
II, after amplification and clipping 



For a given pressure and heavy ion mobility, the ion velocity in 

an electric field E is: 

From this it follows that: 

* a 2KVt 4. A& 
\a 2 In b/a ) : 

where it is assumed that r == a at t = 0, 

From Green*s theorem in electrostatics, the charge induced on a 

given electrode is proportional to the ratio of the potential between 

the point at which the inducing charge is located and the other electrode, 

to the total potential. 

In this case: 

v = HE 

For a cylindrical configuration, 

v = dr s w 
dt r In b/a 
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\/ 

function of time, and if no charge has been transferred, will be 

. .. yy - eISi0 
— ....... 

The time for the pulse to rise to £ its final value may be ob¬ 

tained* 

In b/a « In /—iML— +l\ 
In b/a / 

t.t. « (ab - a^) In b/a 
2 m , 

The ratio t£ to t max is* 

(ab - a2) in b/a y a'' v ■.. ’ a 

(b2- a2) In b/a ; +y.;. £ 

It will be of interest to see the combined effect of all the 

parameters on the rise time* Taking the time derivative of V(t): 

dV(t) « - eMnrt W 

G In b/a (2KVt+a2 In b/a) 

The effects of Hh0, K, V, and C are apparent. For the counter be¬ 

ing used in this case, where the value of b is more or less fixed by 

scattering considerations, the effect of choice of a, the radius of the 

central electrode, is not so apparent* Taking the derivative of dV/dt 

with respect to a, the following expression is obtained* 

a2 In b/a (:ln, b/a - 1) =‘\lWt 

At a given time t, we can find the value of a that results in maxi¬ 

mum slope. For this counter, taking V ** 1650 volts, K « 7*5^, b » 3*65 cm, 

the following approximate values are obtained for a, for different values 
■ . •' ’T*; ’ * ' 

of t* 
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' • ' t • a for max. slope 

.05 X 10“^ sec* .006 cm. 

.10 X 10~f sec. .009 cm. 

.20 X 10"f sec. .01U cm. 

.30 X lO"6 sec. .018cm. 

We are interested in obtaining a steep slope when t is small, since clip¬ 

ping is being employed to improve resolution. In other words, only the 

beginning of the pulse is important. Since the radius presently used is 

*0127 cm, the above analysis would indicate that a smaller central elect¬ 

rode should be used. Another consideration, however, is the fact that a 

smaller central electrode will,reduce the electric field at a given radius, 

for a given voltage. This will decrease the electron drift velocity and 

increase the uncertainty in the time of initiation of the pulse. The 

value of a, consequently, must be a compromise between these two factors. 

If an estimate of some of the counter parameters is made, the ampli¬ 

tude of voltage pulses may be calculated and compared with those observed 

to see if they are within the same order of magnitude. The combined capa¬ 

citance is estimated at 10 micromicrofarads* K is taken to be 7*5, as 

before, and ho is calculated from graphs by^Bethe and Ashkin^ as follows; 

At 13 Mev, dE/dx = 33 Mev/g/cra2 (air, S.T.P.). I is found to be 1*33-3 ion 

pairs/cm. From Jesse and Sadauskis, the ratio 1 (argon) to I (air) is 

estimated to be .96^ For 7.3 cm. of argon, then, we get 3000 ion pairs. 

With these valves and taking an arbitrary M of 200, V(t) is calcu¬ 

lated; 

y(t) » 8*1# X 10-it log (1 + 2.72 X 107t) 

Using t:-;*» 5 microseconds so that the limited RC of the circuit will 

not have affected the observed values appreciably, V(t) is found to be 

about 1; millivolts. When neutrons of about 13 Ifev were being counted, 
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the observed voltage pulses had magnitudes ranging from about 10 milli¬ 

volts’down to very small values* Therefore, our calculated amplitude 

agrees reasonably well with the observed pulses, and we may conclude that 

the assumed parameters are within the right order of magnitude* 

When the path of ionization is perpendicular to the central electrode, 

as in this casei electrons will not arrive ihere simultaneously* The 

period of time of electron collection may be; estimated as follows* At 

r *= b « 3.65 cm., the field E is about 80 volts/cm, and E/p is about 0*3* 

From tables for electriMi drift velocity in this gas mixture, w ** i*«l X ixfi- 

cm per sec*^i ‘At rabout 0*1* cm. E/p is3*0andw « i*»6 X 10& cm per 

second,- oiidy a slight increase* The travel file for electrons from the 

ends of the patfe then will he about 0*85 microseconds. It is supposed 

that this will influence the pulse shape tp some Extent, causing a de- 

crease in slope £or Small t* t 

The drift velocities mentioned above also give an estimate of the time 

difference betweeh pulses arising from ionisation paths adjacent to the 

central electrode and those one half inch (maximum possible distance) 

from the wire. This time will be about ^ microsecond* -tfith a one inch 

diameter circular radiator, the proton trajectories are such that most 

of the electrons will arrive at the central electrode in less than 1/8 

microsecond* Therefore,^ the mi^Jtpum resolvin# time that can be used 

without loss of counting will be between :*1£5 ;.arid *25t) microseconds, 

assuming the Gsl pulse is delayed to give n^imum codhting rate* 

Electronic Factors 
(See figure 5) 

The pulse rise times are extremely important in determining the 

range of discriminator settings that can be used* Ttoo amplified pulses 
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from gas and scintillation counters may begin at nearly the same time 

and may be amplified to equal amplitudes at the discriminator input, 

but if their rise times are different they will trigger the discriminator 

univibrator at different times. Since the univibrator pulse must be wide 

enough to overlap in order that a coincidence pulse nay result, these 

pulse widths and hence the resolving time of the coincidence circuit, 

must be proportional to the slower rise time. M 

With unequal rise times, two trigger times may be brought to coin¬ 

cidence by increltsing the amplitude of the slow rising one or decreasing 

that of the fast one. Tdhen one is dealing with a particular neutron 

energy, a fixed setting can be made which will result in reasonably 

proper timing and proper gain, the setting will be correct for this 

energy only, because the amplitude of the proportional and scintilla- . 

tion counter pulses are different functions of neutron energy. In addi¬ 

tion, if the discriminator bias needs to be changed, • the effect on timing 

cay be quite great for slow rising pulsesi In order to cope successfully 

with these difficulties, it has been necessary in the past to maintain 

the pulse width from the P.H.S. outputs Sufficiently great, together with 

a long gating time, to allow for the possibility of a certain amount of 

latitude in gain adjustment. 

As has been mentioned, a remedy to these difficulties could be ob¬ 

tained very Simply if the pulses were of sufficiently fast rise time. 

The following tentative program was therefore decided upon* 

1. Preamplification and RC differentiation of both Csl and gas 

counter pulses to increase and equalize rise times. 

2. Determination of delay cable length necessary to iron out any 

remaining differences in pulse timing. 

— I], — 



3. Shortening of P.H.S. output pulses to take advantage of the 

more accurate timing achieved by the above steps* 

k• Consider possibility of obtaining coincidence jpulse t*ith 

faster zise time. '■ v . '; v ■ 

5, Decrease gate time from 6 or 7 microseconds to perhaps 1 or 

2 microseconds. Investigate possibility of better gate circuit. 
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SECTION. III - IMPROVEMEUT HiHEUTROH SPECTROMETER. 

Experimental Procedure 

To carry out the first Step of the program for increasing resolving 

power^ two/simple preamplifiers of conventional design were built, one 

for the scintillation crystal pulses and the other for the proportional 

counter-pulses# In each: case, the pulses are amplified by 2 6AR5*s in 

cascade, then differentiated (RC * #384 microseconds for the gas counterj 

RC * ,705 microseconds for the Csl) at the grid .of a 12 AT7 cathode fol- 

lower whose output goes to the linear amplifier* , Hone of the 6AK5 cathode 

resistors are bypassed except for the first 6kK$ in the proportional 

counter preamplifier* These famish all the negative feedback enployed* 

Overall gain before differentiation is about £0. . ^ 

■ A number of photographs were taken of pulse shapes obtained at the 

output of the preamplifiers* Tracings of some typical output pulses are 

shown superposed on typical input pulses in figures 1 and 4* The rise 

time for the gas pulses: was ircprovedr by a factor of about 4, and for the 

Csl pulses, a factor of about 2« 

Several other tests were performed to determine the following 

factors? , : ■ 

1* Optimum delay cable lengths between P*H*S* outputs and the coin¬ 

cidence circuit, 

2. Extent to xdiich resolving time might be decreased without loss 

of counts• 

3# Extent to which clipping of Csl pulses might have introduced any 

non-linearity which would Increase the spread for a given energy. 

4* Reduction in background possible with new system. 
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5* Changes In general operating procedure which would be entailed 

by use of the fester rise time pulses. 

Item (1) was determined by measuring counting rate versus delay cable 

length for 13 Hev neutrons from the T(d,n)He^ reaction. The results are 

shown in figure 6. A slight circuit: change^ improving the high frequency 

response of the. gas preamplifier, resulted in the; shift from curve II to 

curve I.' In order to define the maxima of the curves as clearly as pos¬ 

sible, rates t/ere determined with smaller coincidence resolving time than 

normally used. Differentiating;lihes of 2^ feet length were used at the 

inputs to the coincidence circuity resulting in a felue of T' equal to 0.2 

microseconds;*.':Under these conditions, the optimum delay cable'length is* 

Seen to be 0.1 microseconds* or possibly just slightly less* 

Item (2) was irivesfcigated in two runs of counting rate versus pulse 

width at the coincidence circuit injput. The results are shown in figures 

7 and 8. The first set of data, shown in figure 7* was taken with 13 Jfev 

neutronsj the second*figure 8* with 5 Hev neutronsi In figure 7j the 

optimum delay time for the Csl pulses, 0.1 aicrosedohds'i had been found 

and was kept at that value while counting rates were determined from var¬ 

ious pulSe widths. Different points for figure 8 were taken with vary¬ 

ing delay times* Another test taken later when optimum delay time (no 

delay) had been determined* for 5 Hev neutrons* included only two pulSe 

widths* 0*3 microseconds and 0*5 microseconds* In the first case the 

number of counts in the channels* 30 to 1*0 volts* was 3305A In the Second 

case the. number of counts was 3288* Although more work needs to be done 

for coc^pletely conclusive results* the data indicates minimum resolving 

time that may be used, is around 0*3 to 0*1* microseconds* This is some¬ 

what higher than would have been expected from the electron drift velocity, 

* 18 *. 
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7\ Microseconds 

Figure 7 - Counting rate vs. pulse width, 
13 Mev neutrons 

Microseconds 
'7 

Figure 8 - Counting rate vs. pulse width, 
5 Mev neutrons 



even though the mean pulse formation time must belong to ionisation paths 

quite near the central electrode. It must be pointed out, however, that 

the pulse length per se at the input to the coincidence circuit Is not the 

only consideration in the resolving time. An important factor is the gain 

of the coincidence circuit. To some extent the circuit integrates, or 

adds, the separate pulses, so that if only a small degree of overlap is 

present, the voltage output may not be sufficient to trigger the univi¬ 

brator which gives the gating pulse. Consequently the effective pulse 

length is always shorter than that produced by the differentiating lines. 

The third factor was determined by comparison of histograms, figure 9 

and figure 10, showing number of counts versus channel number ±>r neutrons 

of 10.0 Mev and 9.7 Hev, respectively* Figure 9 is the pulse distribution 

for the unaltered Csl pulsesj figure 10 for the clipped pulses* Evident¬ 

ly no deleterious effects had.been introduced by the new circuitry* 

The actual reduction ia background that is obtainable with the new 

system may be seen in figures 11 and 12. Figure 11 shows the total 

counts and background in the channels under the old conditions, with rise 

times of l.U microseconds and 0*83 microseconds for the gas and Csl 

pulses, respectively. Both discriminator bias settings were 10 volts* 

The pulse width was 1.2 microseconds. In figure 12 the rise times are 

about .33 microseconds and .it microseconds for gas and Csl pulses. Bias 

is 10 volts for Csl pulses and 25 volts for proportional counter pulses, 

and the pulse width is 0.5 microseconds. The new conditions have obvious¬ 

ly achieved an enormous reduction in the lower energy background counts. 

Only two changes in operating procedure were made. The delay line 

differentiation of the input to the linear amplifier for the Csl pulses 

was found to have no discernible effect, tinder the new conditions, and 
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Figure 9 - Pulse height distribution for old 
conditions. Background is taken with 
normal incident neutron flux, but no 
CH2 radiator 
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Figure 10 - FUlse height distribution with 
revised spectrometer. 
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was eliminated. Secondly, the amplifier bandwidth was changed from 0.5 me. 

to 2.0 me. to avoid degrading the fast rise times that had been achieved. 

At the time of this writing, no work had been done with regard toi 

changing the rise time of pulses from the coincidence counter. Heither 

had any changes in the gate circuit been made. From oscilloscope ob¬ 

servations, the gating pulses were seen to begin about 1.0 microseconds 

before the Csl pulses, and stayed on for i* or 5 microseconds after the 

Csl pulse* for all purposes, had; ceased. 

It is believed that the following steps should be taken to complete 

the program for reducing resolving time: 

1) the gating time should be shortened from its present value of 

about ? microseconds to perhaps 2 microseconds.' this will require adjust¬ 

ment of the delay line length from the Csl linear amplifier to bring the 

beginning of the Csl pulse into coincidence with the beginning of the 

gating pulse, on the average. It will also require that a fast rise time 

be obtained from the coincidence circuit output, in order that the varia¬ 

bility, of this factor be reduced to its minimum. Ultimately, less than 

0.5 microseconds should be necessary as an allowance for variation in 

gating time* 

2) The feasibility of using some different type of gating circuit 

should be studied. It is possible that slightly simpler circui" ^ 

faster rise and decay times for the gating pulse might evolve* One pos¬ 

sibility is the use of a 6AR8 tube, which has two anodes, with provision 

for deflecting the electron beam from one to the other. Power amplifica¬ 

tion for driving a scalar would be necessary* - 

Recommendations 
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3) There may he a more optimum value for the radius of the central 

electrode, and this matter should be studied further^ If the radius can 

be reduced without reducing the electric field at 1.27 cm to the extent 

of increasing electron drift time, this should be done* On the other 

hand, if increase of the electric field would cause a substantial de¬ 

crease in the spread of electron arrival times at the central electrode, 

it might be well to increase the radius a 4nd apply a greater voltage, 

enabl ing use of shorter pulses, and compensate for the loss in rise times 

by increased amplification and RG'differentiation. 
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SECTION IV - EXPERIMENTS ON THE Bz^(pC}n) REACTION AND RESULTS 

Experimental Procedure 

The <<-par tide energy in this and in all other runs was determined 

by measuring the magnetic field of the Van de Graaff analyzing magnet 

with a Li? moment detector. The target used was Be? evaporated onto a 

heavy tantalum backing to a thickness of 213 mi Programs/cm2. The thick¬ 

ness was established by comparing the counting rate with that from 

weighed standards* From this weighty the *<-particle energy loss was 

calculated using Uarshaw*s data for the stopping power for protons in 

beryllium.^* For the 0° excitation curve over the range of«K-particle 

energies :from H*$3> to S>.3l* Hev, the target thickness i?was computed to 

vary between 1I*<1 Kev and 131* Kev. For the angular distribution at i*.Q8 

Mev, the target thickness was 162 Kev. Energies hereinafter specified 

will refer to energies halfway through the target. • 

Statistical errors for gross and background Counts are combined 

quadratically with estimated channel errors, and are indicated by error 

lines on the points of the curve. Channel errors are those resulting 

from the fact that the upper and lower edges of the energy spread are 

seldom clearly defined because of the presence of background and other 

effects. Estimates of channel errors are considered quite conservative^ 

i.e.y possibly larger than necessary. 

- Results • 

As has been mentioned previously, no difficulty was encountered in 

obtaining the points for the 0° excitation curve. The points have been 

added on to the curve given by Risser, Price, and Class, figure 11. A 
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slight Change in the curve for points above the 3*99 Mev resonance has 

been made to give a better fit to the net; points that overlap in this 

region. On the whole, agreement is good in the region of overlap. 

The new data for the 3*99 Mev angular distribution is presented in 

figure 12 as triangles, tfhile the old data obtained by Anderson and Chalk 

is shown as circles*. The old data was satisfactory to about 120°, In 

obtaining the new data the differentiating lines at the coincidence cir¬ 

cuit input were 6 feet in' length, resulting in a nominal pulse width ; 

of 0.5 microseconds. The discriminator bias for the gas counter was 

increased from its value of 10 volts, which was suitable for 0° data, 

to 25 volts at the back angles* Since the specific ionization for pro¬ 

ton energies of 2*8 llev, obtained at 1U8° (lab), is about 1.1; times hijgh- 

er than for the 5*0 Mev protons obtained at 0°, it is entirely feasible 

to increase the discriminator bias in this way. Prior to the increased 

rise times obtained under the new conditions, it mas possible to do this, 

but only if considerable testing and checking were done to ensure proper 

timing; In this case, no change was necessazy (within 0*1 microseconds) 

in the delay line lengths from P.H.S. outputs to coincidence circuit in¬ 

puts, for the change in bias. 

The points obtained with the revised spectrometer seem to be con¬ 

sistent, and join together smoothly to give a rapidly rising differential 

cross section for the back angles. The very great scatter in the old 

points for these angles is evident* and no attempt was made to put error 

lines on these points. 

23 * 



F
i
g
u
r
e
 
1
U
 
-
 
3
.
9
9
 
M
e
v
 
a
n
g
u
l
a
r
 
d
i
s
t
r
i
b
u
t
i
o
n
 
f
o
r
 
1
s
t
 
e
x
c
i
t
e
d
 
s
t
a
t
e
 
n
e
u
t
r
o
n
s
 

T
r
i
a
n
g
l
e
s
 
r
e
p
r
e
s
e
n
t
 
p
o
i
n
t
s
 
t
a
k
e
n
 w
i
t
h
 
r
e
v
i
s
e
d
 
s
p
e
c
t
r
o
m
e
t
e
r
.
 



References 

1. Bonner, Kraus, Marion, and Schiffer, Fhys. Rev. 102, 13U8 (1956) 
2. J. R. Risser, J. E, Price, and C. M. Class, Fhys. Rev. 105. 1228 

(1957) 
3. i D. B, James, G. A. Jones, and D, H. Wilkinson, Fhil, Mag.' Ser.8* 

Vol. 1. 9h9 (1956) 
hi ; P. Morrison, Experimental Wuclear Fhysics, Vol, II, A Survey of ■ 

Wuclear Reactions, Wiley and Sons, 1953. 
' 5.,- Risser, Price, and:Glass,op. cit. j; 
6. A, Cole, Measurement of Fbst Neutron Energies with a Scintillation 

Spectrometer, Masters Thesis, Rice Institute, 1953. 
7. H. Bethe and J. Ashkin, Experimental Huclear Physics, Vol, I. 

;: Passage of Radiations Through llatfer,' Wiley and Sons, 1953, : 
8. M. S. Livingston and H. A. Bethe, Rev. Mod. Fhys. 9, 2l£ (1937) 
9. Risser, Price, and Class, op. cit. ~ 
10. D. H. Wilkinson, Ionization Chambers and Counters, Cambridge 

University Press, 1950; 
11. ibid,s 
12. Bethe and Ashkin, op* cit. . / 
13. W. P. Jesse and J. Sadauskis, Phys. Rev. 77, 782 (1950) 
lU. Rational Ruclear Energy Series, Manhattan Project Tech. Sect., 

Div. V,Vol. 2, by B, Rossi and H, H, Staub, McGraw-Hill Book Co,, 
■ Hew York, 19h9* 

15. s. D. Warshaw, Fhys. Rev. 76, 1759 (19^9) 



ACKNOWLEDGEMENTS 
         —III! II ■■—■■■■ 

X would like to thank Mr. J. D, Chalk for his help in a large 

portion of this work. I am particularly grateful to Dr. j. R, Risser 

for the constant encouragements advice and assistance, without which 

this thesis would have been impossible. 


