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INTRODUCTION 

Most experimenters doing research with neutron beams use 

the slow or thermal neutrons which are defined as being those 

with energies up to approximately 0.4 electron volts . A com-

mon source of such neutrons is a research reactor beam port. 

The reactor beam port is usually designed to allow neutrons 

from the core or reflector region of the reactor to travel 

out through the port to the experimental apparatus . A beam 

obtained in th is manner will consist primarily of the radial 

component of the reactor neutron flux which is incident on 

the inner end of the beam tube, Figure 1 . 

Experimenters using a neutron beam generally are only 

interested in a narrow ra~ge of energies, especially if neu-

tron diffraction studies are to be performed. The neutrons 

with other energies may constitute a serious b ack ground prob-

lem especially if they are fast neutrons which a re far more 

difficult to shield. Therefore, if the spec trum was modified 

to increase the percentage of neutrons in the ene rgy region 

of interest, the beam would be more useful. 

There have been instances where the ratio of the thermal 

nuetron flux at the inner end of a beam port to the thermal 

neutron flux at the reactor face from that b eam port have dif-

fered by as much as a factor of 10 for two different reactors 

[2]. This difference clearly indicates that some additional 

information is needed in this area. 
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Experimenters at the CP-5 reactor and Ames Laboru t or y 

Research Reactor (ALRR) interested in modifying the neutron 

beam for their use had indicated they did not know what mat e-

rial to use, how much, or the optimum location for it. When 

t he Mitsubishi double beam neutron diffractometer was to be 

installed at one of the ALRR beam ports, a literature search 

to determine how the beam could best be optimized with respect 

to neutrons of 1 A0 wavelength was performed by various groups 

at Ames Laboratory. Very little information was revealed as a 

result of their search . 

The primary reason for this research was to permit better 

use of the horizontal beam tubes of research reactors. One 

objective of the investigation was to measure the slow neutron 

energy spectrum from a be am port a t the Ames Laboratory Re-

search Reactor. A Fermi type slow neutron chopper [12] with 

an electronic time of flight analyzer was used to determine 

the slow neutron energy spectra . The effect of the scattering 

material position with respect to the reactor core and reflec-

tor, the effects of the amount and type of material used upon 

energy spectra, and the effects of total neutron current and 

cadmium ratio were investigated . Those materials examined 

were: graphite, beryllium oxide and beryllium metal . 
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REVIEW OP LITE RATURE 

A small number of experiments to modify reactor hcams 

have been desc ribed in the literature. The general outl ine of 

those studied which pertain to this res earch is presented here. 

A method for reducing the fast neutron flux in the spec-

trometer be am ports of a light wate r pool reactor has been 

investigat ed experimentally by Bullock, Daniels, and King [3]. 

The experiment consisted of ins talling a heavy water tank 

adjacent to the reactor core in a position which effectively 

converted two beam ports from a radial geometry to a tangenti al 

arrangement with a heavy water source region. The result ing 

me asurements were compared wi th identical measurement s taken 

from the graphite refle c ted core . The results showed that the 

Dz O tank increased the ratio of desired neutron energies to 

background at the crystal spectrometer by a factor of 2 . 8 and 

at the mechanic al monochromator by 4.75. These fac tors in -

cluded a thermal flux inc re ase of 1.8 at both beam ports . For 

experiments with a signal to background ratio of less than 2, 

the beam produced with t he n2o t ank resulted in better count -

ing statistics than could be obtained by doubling the reactor 

power level. 

James and Meneley [6] desc ribed the neutron flux distri-

bution in a horizontal graphite the rmal column with a sho rt 

vertical stub near t he e nd remo t e f rom the neutron source. By 

introducing large voids in the column and stub they showed 
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that the spatial distribution of flux at both vertical and 

horizontal access ports may be adjusted and, if desired, made 

symmetrical. At the same time the magnitude of the flux at 

both faces had greatly increased over that for a similar solid 

column, by factors of up to 80 . 

The energy spectrum for a beam of neutrons from the 

Aust r alian High-Flux Reactor, IlIFAR, was determined by Sabine , 

Browne, and Symonds [10]. The neutrons in the beam were taken 

from a point in the heavy water moderator 9 . 5 inches from the 

edge of the reactor core. The mixed energy neutron flux 

emerging at the face of the reactor shield was 2 x 108 n/cm 2-

sec. for a reactor power of 10 megawatts. Crystal spectrome try 

and activation analysis techniques were used to determine the 

energy spectra. The corrected differential neutron distribu-

tion as a function of velocity was approximately Maxwellian in 

shape, and corresponded to a neutron temperature of 388 + 6°K . 

This temperature was about 70°C above the moderator temperature. 

During the design stages of the Brookhaven National 

Laboratory's High- Flux Beam Reactor an experiment was con-

ducted by H. Kouts [7] to provide neutron beams that were 

tailored to the requirements of individual experiments . The 

experiment consis ted of a mo ck-up vessel and core arrangemen t 

with reentrant beam tubes at various angular positions with 

respect t o the core and reflector. The distance the beam 

tubes penetrated the reflector region was variable. Each beam 



6 

was designed to emphasize some region of the neutron energy 

spectrum with an associated reduction in the emission of neu-

trons of unwanted energies, and of gamma rays. Tn his conclu-

sions, Kouts pointed out that since his program had to be 

completed in accordance with the design schedules of the reac -

tor a t horough study of the properties of experimental facili-

ties was prevented. Kouts stated that an adequate optimiza-

t ion was realized . The results suggested that research 

reactors in the future could profit from thorough experimental 

study of the geometric considerations of beam ports during the 

design s t age. 

In discussions with experimenters, some indicated that 

they had done some minor investigations in the a rea of beam 

enhancement which was not published due to insufficient re-

sults . Thus the experimenter was more interested in obtnining 

results than improving the quality of his beam per sc, and 

consequently, he would spend only a small part of his time 

imp r oving the beam . 
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THEORY 

In a heavy water reactor a considerable portion of the 

neutron moderation occurs Ln the reflector region. Jf the 

be am tube is air-filled (which is usually the case) then essen-

tially none of the neutrons from the reflector region will b e 

added to the beam that leaves the reactor, since there is 

nothing in the beam tube to scatter the neutrons. 

Typical thermal and fast neutron flux distributions in a 

heavy water reactor are illustrat ed in Figure 2, [l]. The 

distributions give the energy averaged neutron flux as a func-

tion of r adial position. The fl ux is nonisotropic as can be 

seen by the l arge radial gradient in Figure 2 . 

With an air-filled reentrant beam tube, th ose components 

of the flux not parallel to the beam tube will not contribute 

to the neutron beam exiting the beam port . With a scattering 

material replacing the void (air) in the inner end of the tube, 

scattering and moderation will occur; neutrons traveling other 

than parallel to the tube are scattered in the exit direction. 

It is apparent that this scattering material will attenu-

ate the radial (or parallel) flux component . The thermal flux 

in Figure 2 is the total flux a t that position. However , the 

component which is parallel to the beam tube axis (Figure 3) 

will be only a fraction of the total . Therefore, appropriate 

additions of scattering material could add more neutrons to 

the beam than are scattered out . This would result in a net 



Figure 2. Radial neutron fl ux distr ibution of JRR-II as 
computed using two - group diffusion theory 
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increase in the tot al current out of the beam port. One would 

expect the above to be especially true near the therma l flux 

peak illustrated in Figure 2 . If the thermal neutron current 

is not inc r eased , but remains approximately the same with an 

addition of scattering material, then an increase in cadmium 

ra tio should be observed which would be beneficial . 

As the amount of scattering material is increased in the 

axial direction of the beam tube , a point will be r eached 

where the addit ion (due to the initially non-p aral l e l compo~ 

nents and the increased cadmium r a t io) produces an inc r ease 

that is balanced by the radial loss caused by scattering. One 

purpose of this experiment was to determine this "point" of 

diminishing return. 

Whil e it is obvi ously desirable for those mate ri als used 

to have a high scattering cross-section, other considerations 

must also be made with respect to the materials effect upon 

the resultant neutron ene r gy spectrum. A material with l ow 

absorption cross-section is neces sary since absorption reduce s 

not only total neutron f lux , but distorts the flux since 

absorbers whi c h obey a 1/v law preferentially abso rb the lowe r 

energy neutrons. Thus it would act a s a fil t e r as well a s a 

scattering medium. The t emperature at which the mate ri a l 

operates will also effect t he r esultant spectrum to a lesser 

degree. Also, somewha t mor e p ractical cons iderations such a s 

susceptibility to radiation damage and certain mechani cal 
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properties should be present. 

The slow neutron energy as observed are expected to 

approximate a Maxwell-Boltzman distribution of vN(E) vs E , 

where N(E) is the relative neutron density and v is the neutron 

speed. The spectra will be hardened due to the presence of 

fuel, fi s sion products, structural and control materials . 

Also, hardening will result from an increased population of 

higher energy neutrons which were produced in fission reactions 

and are being slowed down by the moderator. The full theoret-

ical energy range of zero to infinity will not be realized due 

to limitations in experimental equipment . However, to a first 

order approximation the characteristics of a Maxwell-Boltzmann 

distribution are expected to be valid . Those characteristics 

are : 1) the neutron energy corresponding to the most probable 

energy of the distribution is E0 =kT, 2) the average neutron 

energy is E = ZkT, where T is the neutron temperature (E0 /k) 

of the Maxwellian distribution corresponding to the most 

probable neutron energy E0 . 
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EXPERJMENTJ\L PROCEDURE 

Experimental procedure will be given in two parts. Part A 

will dea l with the equipment and materials . Part B deals with 

the procedures used in the measurements . 

Part A. Equipment 

A four inch inner diame ter be am port at face number 4 of 

the ALRR was used for this study (Figure 4) . A shielding plug, 

which had b een origina lly designed for another experiment, had 

its geometrical arrangement and many of the components fixed . 

A 0.850 inch O.D. by 0.020 inch wall aluminum tube 49 inches 

long was ex tended f rom the inner end of the shielding plug to 

the region of interest near the core . Aluminum was used and 

the tube wal l was made very t hin to minimize inte rfe r e nce with 

the experiment . The aluminum tube held the materia l t o be 

tested . The collimator used to define the beam had a 3/8 inc h 

inside diameter and filled the outer fifty-two inch length of 

the shielding plug (Figure 4) . Various tool s were designed 

and fabricated to insert and remove the materials f rom the co re 

and reflector region . 

The distance from the inner end of the b eam tub e to the 

outer face of the plug was 100 inches. The minimum nominal 

distance from the edge of the reactor core to the ma t eri a l 

tested was approximately three inches. The outer diameter of 

the material tested was 0 .790 inches with varying lengths up 

to approximately ten inches. 
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To determine the effect of moderating material on the 

slow neutron energy spectrum, a means of measuring the energy 

spectrum was needed. A time-of-flight technique was used to 

determine the slow neutron energy spectrum. The term "time-

of-flight" simply means that a burst of polyenergetic neutrons 

was allowed to start down a flight path at time ta, and the 

times were recorded when successive neutrons reach a detector 

a t the end of the flight path. The longer the time interval, 

the slower the neutrons in that group . A Fermi-type flat slit 

slow neutron chopper [12] was used to produce the "burst" of 

polyenergetic neutrons. A neutron chopper like the one shown 

in Figure 5 is a device which produces pulses of neutrons. 

The device " chopped" off portions of a collimated neutron beam 

allowing neutrons to pass during very short intervals of time . 

A time-of -flight analyzer was an electronic device used to 

record the number of neutrons which reached the detector during 

successive time intervals . When the neutron spectrum was 

being measu red the chopper opened a t time ta and a start pulse 

was fed to the time-of-flight analyzer (Figure 6). The 

analyzer then recorded the number of neutrons reaching the 

detector in successive time intervals and presented them as a 

time spectrum of the neutron beam . Time-of-flight techniques 

have high data accumulation rates becaus e of their concurren t 

energy (i . e., velocity) analysis of all neutrons in the burst. 

When deciding which materials to test, consideration was 
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given to availability of materials, the cornpatihility of c:1ch 

with experimental apparatus, and the reasons presented in 

Theory . Therefore, the materials selected were graphite, 

beryllium oxide and beryllium metal . 

It had been anticipated that the effects of light water 

and a mixture of 10% light water/90% heavy water, would be 

investigated . The design of the plug used was such that it 

proved impossible to circulate a liquid into the region of 

interest . Therefore, it would be necessary to encapsulate the 

liquid and insert it in the same manner as previously described . 

Capsules we re designed and fabricated for this purpose. Ilow-

ever, upon pre-irradiation testing of the capsules to 500° .e--' f 

pinhole l eaks occurred. In one instance the capsule showed 

signs of bulging before the weld failed . Moreover, several 

unsatisfactory attempts were made to obtain a tight capsule 

whic h would withstand the pressure. This portion of the 

experiment was finally abandoned as being unsafe for use in 

the reactor. 

Since the neutron beam was attenuated approximately 5% 

per me t er of traversed air, a flight tube (Figure 7) was de -

signed and fabricated which could be evacuated or filled with 

helium. Another reason for the flight tube was the selective 

scatte r ing in air which may have caused changes in the spec-

trum, since the cross sections of oxygen and nitrogen were not 

constant in the region of energies observed. A change in the 
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total cross section of air on the order of 25% ]s illustrated 

in BNL-325 for the energy regjon of interest here. 

With larger amounts of material being tested, the beam 

intensity was significantly decreased so that longer accumula -

tion times were required. With the addition of the evacuated 

flight tube, the time required to accumulate the desired data 

decreased by more than 15%. Vacuum in the flight tube was 

maintained with a conventional roughing pump. 

Part B. Procedures 

An initial test run of the experimental equipment was 

performed to obtain an unmodified slow neutron energy spectrum 

from a typical beam hole. The previously mentioned four-inch 

beam port a t face number four of the ALLR was used. The 

chopper was aligned with the collimated gamma beam by the aid 

of a portable gamma detector. Shielding for neutrons scattered 

by the chopper, was placed around the chopper. It was soon 

observed that the neutron scatter problem from the c hopper was 

too great . The 3/8 inch inner diameter beam from the colli-

mator was decreased to a 3/16 inch inner diameter beam by the 

insertion of a stainless steel tube. Thus the background of 

fast neutrons was reduced to a tolerable level for personnel 

in the area. The smaller cross sectional area produced by the 

modified collimator decreased the beam intensity fourfold; 

however, it proved to be no great problem since there was suf-

ficient time to accumulate data between reactor shutdowns. 
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The start pulse from the chopper (Figure 6) was cali-

brated and modified electronically, as outlined below, to 

provide the proper input to the time of flight analyzer. In 

order to calibrate the chopper start pulse (i.e., t 0), it was 

necessary to adjust the chopper to full open and then adjust 

the position of a light source to provide a peak output from 

the photodiode used for the start pulse. The chopper was 

designed to be open for less than one degree of rotation . 

During operation the leading edge of the start pulse from the 

chopper was double differentiated and input to the time-of -

flight analyzer. This was done so that the start pulse to the 

time-of-fl ight analyzer would occur at the peak of the chopper 

start puls e . Various chopper speeds, time intervals per 

channel, and total number of channels were tried to obtain 

suitable spectrum definition and data accumulation rate . The 

values us ed were a chopper angular frequency of 100 radians 

per second, a time interval of four micros econds per channel 

and a total of 1024 channels . 

Since 1024 channels were used for each spectrum with 

numerous corrections and conversions made to the data in each 

channel, it became apparent that a computer program would b e 

necessary to reduce the chance of calculational error and the 

time for data analysis. A detailed explanation is given in 

Appendix A. The following were those quantities which were 

incorporated into the computer program: 



21 

1) A correction for the probability of detection vs. 

neutron energy for the BF3 detector was used. Since 

the boron absorption cross-section curve is a 

straight line on a log plot, its equation of capture 

cross section vs. neutron energy is of the form 

a = bEa. The constants were evaluated and the equa-

tion was then used to correct for the probability of 

detection vs. neutron energy. 

2) The aperture correction of the chopper (Appendix B) 

is a correction for the probability of a neutron with 

velocity v, traversing the chopper during the time 

the chopper wi ndow was open. The probability for a 

neutron with infinite velocity was 1.0 while the 

probability was zero for a neutron whose velocity was 

less than or equal to the cut-off veloc ity Cvc0 ). 

3) There was a correction for the change in energy per 

channe 1 not being proportional to the "width" of the 

channel in time. This correction was built into the 

aperture correction as a function of time (Appendix 

B). 

4) The velocity and energy co rresponding to each channel 

was calculated. (i.e., 4 microsecond interval) 

5) The data were normalized and the resultant curves 

plotted. 
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The time-of-flight analyzer does not have a memory as s o-

ciated with it and, therefore, uses the memory of another 

analyzer. In this case a TMC 1024 channel analyzer memory was 

used to accumulate the spectrum as a function of time (Figure 

8). The se data were then transferred onto punched paper tape 

and later converted to IBM data cards to be used by the com-

puter. 

The aperture correction that had been derived [12) was a 

function of neutron velocity derived from the flight time 

(i . e., flight length/neutron travel time). However, when this 

correction was applied to the time-of-flight data the r esult -

ing spectrum increased to infin ite intensity at low neutron 

energies. Upon i nvest igation it was realized that a new 

aperture correction would have to be derived as a function of 

fl ight ti1ne. The derivation of the aperture correction as a 

function of time is presented in Appendix B f 11] . 

With t he above corrections the neutron energy spectrum , 

which was obtained at a bulk reactor heavy water temperature 

of 320° K, exhibited a distribution similar to that of a 

Maxwell-Boltzmann distribution of ~(E) vs. E as shown in 

Figure 9 . The peak occurred at approximately 0.045 electron 

volts which corresponds to a neut ron temperature of 522° K. 

For c omparison a Maxwell-Boltzmann distribution of ~(E) vs. E 

corresponding to a neutron temperature of 522° K is also plot -

ted in Figure 9. 



Figure 8. Th e uncalibrated observed distribution of counts per channel N(t) 
versus neutron flight time t, with N( t) the vertical axis and t 
t h e horizontal axis . The lower curve was observed for 103 counts 
i n t he peak channel with the uppe r curve having 104 counts in the 
peak channel 
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Figure 9. A typical unmodified neutron energy spectrum from the four inch 
beam port with a Maxwell-Bolt zmann distribution 
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In order to check the experimental setup, equipment, pro-

cedure, computer program etc., an energy spectrum of the 

neutrons from the ALRR ther'mal column was obtained. Details 

of this spectrum are available and have been published fl2]. 

The beam intensity was low and the background high, so that 

the statistical properties of the data obtained were not as 

desirable as that from the four-inch beam port. However, the 

most probable ~nergy was found to occur at approximately 

0.0425 electron volts which compares favorably with values 

found previously. The thermal column spectrum is shown in 

Figure 10 together with a Maxwell-Boltzmann distribution cor-

responding to a neutron temperature or 494° K. 

While collecting data for a neutron energy spectrum, the 

experiment was run until there were at least 10,000 counts in 

one or more channels (i.e., one 4 microsecond interval). This 

value was chosen so that statistical variations would be small . 

The time required to accumulate the data was from four to 

fourteen hours, depending on the beam intensity . 

Due to the amount of data accumulated and the sensitivity 

of the instrumentation, "fine structure" of the system could 

be observed in the energy spectrum. This "fine structure'' was 

indicated by the irregularities in the spectrum, especially at 

lower energies (Figure 9 / . It was concluded that aluminum 

"windows" in the chopper (which were over three inches long) 

and other aluminum in the system was selectively scattering 



Figure 10. The energy spectrum observed from the thermal column with the 
corresponding Maxwell-Boltzmann distribution 
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the neutrons [4]. The ene rgies and r ela tive intensities a t 

which polycrys t alline a luminum would scatter the neutrons wer e 

calculated and found to agree quite well with the observe d 

irregularities (see Appendix D, and Figure 11) . 

Due to the selec tive scattering in aluminum the observed 

spectrum was not t he complete spectrum. Whi l e the complete 

spectrum was not observed for the above reason , the effec t s on 

the spectrum by those variables tested were not changed. 

Also , scat t ering by t he aluminum does not serious l y hinder 

the observance of the effec t s . 

The neutron scatt ering in the chopper provided an addi-

t ional check on the system performance and showed that the 

system was giving the correct energy values . 

As previously menti oned , the materials for which effects 

were observed were graphite, beryllium oxide, and beryllium 

metal. The tests were made by inserting cylinders or rods of 

the material which were one or two inches long into the thin 

walled aluminum material holding tube (Figure 4) . This was 

accomplished by the followi ng sequence of steps : 

1) The reactor was shut down or sub -critical . 

2) The f i fty- two inch long co llimator was removed. 

3) A special t ool for withdrawing the mate r ial-holding 

tube was inserted and used t o withdraw the tube . 

4) The next rod of material was then placed in the tube 

and the tube reinserted . 



Figure 11. Neutron spectrum with calculated energies and relative magnitudes 
at which neutrons should be scattered by aluminum 



z 
f'T'I c 
~ 
::0 
0 z 
f'T'I z 
f'T'I 
::0 
C> -< 
I'll 
< 

0 I Qr"· 
I 
I 

O ' o · 
(>I 

9 
0 
(JI I -

1. 
0 
0 i -
CX> •• 

~ r-

9 
VI 
0 

ARBITRARY COUNTS 
CX> r -- -, - -- 1 ---,-

t> ~ (JI 
en Ol ...,, CX> 

~ N 0 
r - -·-r- · 1 · - r----·- --..----. 

- -2.67 AT 0 0 15 Iv 

qgz 

-- -1 AT 0 .02 IV 

- - - 4 AT 0.0238 Iv 

-- 4 AT 0025 IV 

- - 4 AT 0 .0 302 IV 

--6.67 AT 0.0337tv 
2 AT 0 .04 ev _/ 

_ _.. 8 AT 0.0439 IV 

-.._ 5 AT 0.0451 IY 
- -4 AT 0.0 5 tv 

_ - - - 4 AT 0.05 37 ev 
' 4 AT 0 .0552 IY 

- - · 2 67 AT 0 0601 tv 
- ....,. 8 AT00625ev 

1 
I 

I 



29 

5) A long push rod was used to be sure the tube and 

material were at their full-in position . 

6) The collimator was replaced . 

After each rod of material was inserted and the reactor 

brought to its five-megawatt operating power, the fol lowing 

measurements were made: 

1) The total neutron current was measured at the outer 

end of the collimator using a gold foil . Th is was 

accomplished using a foil holder which was placed in 

the collimator opening. The duration of activation 

was generally 45 minutes. 

2) The epi-cadmium neutron current was obtained with the 

same procedure as above using cadmium c overed gold 

foil . The thickness of cadmium used to surround the 

gold foi l was 31 thousandths of an i nch. 

3) Data were then taken with the chopper and time of 

flight analyzer to determine the slow neut r on energy 

spectrum. 

The previous steps were repeated for up to ten i nches 

to t al length of the materials tested. 

The total neutron current from a reactor beam port was 

affected considerably by the axial neutron flux distr ibution 

in the core and core reflector region (Figures 12 and 13 [l]) . 

If the reactor was operated at a fixed power, as was the case 

throughout this experiment, the position of the control rods 
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was the primary variable for changing the axial flux distribu-

tion. Since the experiment was conducted over o period of 

more than one year, the position of the reactor control rods 

(hence the axial flux distribution) varied between 39% and 97% 
1 withdrawn. The JRR-II , design manual [l] gives axial neutron 

flux distributions as a function of control rod position . 

Figures 12 and 13 show two of the distributions. It was hoped 

that a correction for total beam port current as a function of 

control rod position (for a fixed reactor power) could be 

obtained from these curves. However, it was noted that these 

curves were obtained for the cold clean critical condition 

using two group diffusion theory. After checking these against 

experimental data, a decision was made to obtain experimental 

data reluting control rod bank withdrawal vs . total neutron 

beam port curren t . The resulting data are plotted in Figure 

14 . Figure 14 illustrates that the total be am port current 

could vary by more than 20% throughout the life of the reactor 

core (fuel) with the power fixed . The observed reproducibil-

ity of the data points for this correction curve was +5 %. 

1JRR-II is the Japanese Research Reactor II which is 
identical in most respects with the ALLR. 
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RESULTS 

The data obtained as counts per channel were analyzed 

using the DATARE computer program (see Appendix A). The 

resulting slow neutron energy spectra were plotted by the 

"SIMPLOTTER" which is an auxiliary output system of the Iowa 

State University IBM-360 computer. Experimental data points 

were not indicated since they were so close together they 

would tend to smear the curves . 

A typi cal slow neutron energy spectrum from the four-i nch 

beam port is given in Figure 9 . The energy range displayed is 

from 0 . 0164 electron volts to the cadmium cutoff at approxi-

mately 0.4 electron volts. The actual spectrum was expected 

to approximate a Maxwellian distribution; however, the alumi -

num in the system caused selective scattering of the incident 

beam. The spectrum in Figure 9 corresponds to the direct be am 

from the beam port whi ch had not been altered by material in 

the beam tub e . The reactor was operating at five megawatts 

therma l power with a bulk moderator temperature of 125°F and 

an average control rod bank position of 85% withdrawn . 

The addition of material into the material-holding tube 

required that the reactor be shut down . Since no reactor 

shutdowns were scheduled for these experiments, wai ting for 

shutdowns introduced time delays between slow neutron ene rgy 

spectrum measurements . This operational requirement along 

with the assumption that the unmodified spectrum would not 
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change to any great extent from experiment to experiment we r e 

the reasons for obtaining only three unmodified energy spect r a . 

The initial, or reference, slow neutron energy spectrum 

with an unmodified beam was obtained with the reactor cont rol 

rod bank at 39 i withdrawn and a reactor bulk temperature of 

114°F. The only other unmodified spectra observed were for 

control rod bank positions and reactor bulk temperatures of 

79% at 123 °F and 85% at 125°F . The unmodified spectra for 

minimum and maximum observed control rod positions are given 

for comparis on in Figure 15. The spectra were normalized to 

equal area under each cure. While some error was a ssociated 

with thes e two spectra (see Appendix C), significant spectral 

differences are evident . The diffe rence in bulk n2o tempe r a-

t ure for th ese spectra was only 6.1° K which cor responds to an 

energy change E = kT = (8 . 6167 x 10- 5 ev./°K) (6 .1°K) = 5 . 25 x 

10-4 eV. 

Table I defines the conditions and gives quantitative 

differences between the two spectra. The spectra were arbi-

trarily broken into four regions for comparison . The value of 

temperature T in kT, used to define region break points is 

503° K whi ch corresponds to the most probable neutron energy 

of t he reference spectra observed at an average rod bank of 

39% withdrawn. 

Typical slow neutron energy spectra are given in Figure 

16 for an unmodifi ed beam and with additions of graphite as a 
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Table I. Conditions for spectral shift data and differences observed 

Avg. cont. Bulk Avg. neut. Avg. neut. % change % change % change % change ~ 

rod bank D20 energy velocity for for for for 00 

(% with.) temp. (eV) (M/sec) 0.0164eV kT to 2kT 2kT t0 5 kT to 
( o F) to kT 5kT 0.40 eV 

39 114 0.05436 3000 

85 125 0 . 05534 3023 - 4.5 +2.5 +15.8 +6.6 
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scattering and moderating medium . The spectra have b een 

normalized such that they exhibit equal area . Conditions 

under which the spectra were observed are given in Table II . 

The effect of increased control rod withdr awal pos ition was 

to increase the popul ation of higher energy neutrons. How-

ever, no correction has been made here to compensate for this 

e ffect. 

Table rr. Conditions for the spectra of Figure 16 

Curve Date Reactor Average Bulk D20 Leng th of 
# power reactor temp . material in 

cont. (° F) beam tube 
rod b ank (in . ) 

1 1/31/68 SMWth 39 % 114 0.0 
2 2/17/68 SMWth 41% 113 2. 0 
3 3/2/6 8 SMWth 46% 110 6 . 0 
4 3/9/68 SMWth 48% 111 8.0 

rn each case the material was against the inner end of 

the beam tube as s hown i n Figure 4. 

Tabl e III gives a complete list of those condi t ions t es t-

ed for graphite. Again the energy break points are referenced 

to 503°K. Percent devi ations from the refere nce unmodified 

spectrum are also tabulated. Average neutron energy and 

velocity exhib it a general decreasing trend with increased 

graphite, as would be expected . For the first r egion (0.0164 

eV to kT) , no significant variation in neutron population is 

observed with increasin g amounts of graphite. The range in 

energy f rom kT to 2kT exhibits a trend toward increasing 



Table III. Re sults of spec t rum modif i cation with graphite 

Length of graph-
ite in beam t ube 0 . 0 1. 0 2.0 4.0 6.0 8.0 (in.) 
Date 1/31/68 2/16/68 2/17/68 2/38/68 3/2/68 3/9/68 

Bulk D20 
(of) 

temp. 114 109 113 112 110 111 

Avg. cont. 39 41 41 45 46 48 
rod bank ( %) 
Avg. neut . 0.05436 0.05150 0.05111 0.05196 0.05057 0.04904 
energy (eV.) 
Avg . neut. 3000 29 34 2922 2956 2930 2896 
velocity 
(m/sec) 

~ 

% dev. from ref. -1. 7 -1.1 -2 . 2 -1. 9 -1. 0 0 

for 0 . 0614 eV 
to kT 
% dev: from ref . +4 . 2 +3.4 +6.6 +10 . 0 +11. 5 
for kT to 2kT 
% dev . from ref. +2.3 +1.2 +l. 6 -4.6 -10.8 
for 2kT to 5kT 
% dev . from ref. -15.0 -16.0 -27 . 3 -40.7 -50 . 8 
for 5kT to 0.4 eV 
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neutron population with increased graphite, however, some 

fluctuations in the data are observed. Appendix C is an error 

analysis which illustrates possible errors which could account 

for these variations. In the region of 2kT to SkT an increase 

in neutron population is exhibited for small increases in 

graphite length, however, a decrease is then observed for 

large increases in graphite length. The reasons for this 

behavior are not completely understood . The high energy 

region exhibits a strong trend (6 . 35%/in.) toward decreasing 

neutron population with increasing amounts of graphite . 

The temperature of a large block of graphite at the inne r 

end of a beam tube has been measured at the ALRR . The graph-

ite block reached a temperature of 500°F with the re act or at 

its full rated power of 5 MWth. Therefore, und e r the condi-

tions of this experiment the graphite is expected to have been 

in the r ange of 400 to 700°F . 

Figure 2 illustrates a strong radial gradient in the 

neutron flux. In order to observe the effect of this gradient, 

the total neutron current was measured with a gold foil for 

the case of one inch of graphite full in and three inches with-

drawn from full in. With all other experimental conditions 

constant, the change was measured to be a 22% decrease in the 

total neutron current. 

Typical changes in the slow neutron energy spectrum due 

to additions of beryllium oxide as the scattering and moder-
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ating medium are given in Figure 17. The spectra have been 

normalized such that they have equal area under each curve. 

Conditions under which the spectra were observed are given 

in Table IV. Here again, no correction has been made for the 

effect of increased population of higher energy neutrons with 

greater control rod withdrawal. 

Table IV. Conditions for the spectra of Figure 17 

Curve 
# 

1 
2 
3 
4 

Date 

1/31/68 
5/10/68 
5/20/68 
5/28/68 

Reactor 
power 

5MWth 
5MWth 
5MWth 
5MWth 

Average Bulk 
reactor D20 
control temp. 
rod bank (° F) 

39% 114 
62~ 112 
64% 110 
69% 111 

Length of 
material in 
beam tube 

(in.) 

0 . 0 
3 . 12 
6.25 

10.14 

In each case the material was against the inner end of 

the beam tube. Based upon the measured temperature of graph-

ite and the fact that the oxide will conduct he a t less readily 

it is expected that the BeO temperature was in the range of 

500° to 800°F. The BeO used was high purity (99.5%) with a 

density of 2.85 grams per cubic centimeter. 

Those conditions which were tested for beryllium oxide 

are given in Table v. The energy break points are increments 

of kT which is referenced to 503° K. Percent deviations from 

the reference unmodified spectrum are also tabulated for the 

four regions chosen. Average neutron energy and velocity do 



1.0 

0 .9 

0 .8 

Qt 
~ z 0 .6 :::::> 
0 u I 
>- 0 .5 1 ex: 
<l: ex: 
t:: 
OJ ex: 0.4 <l: 

0 .3 

0 .2 
I 

I 0 .1 r-
I 

--~ ---r 
0 .01 

3 

3 
4 

I - 0 .0 IN. OF BE RYLllUM OX I DE 
2 - 3.12 IN. 01=' BE R'(LLIUM OX! DE 
3 - b.25 IN. OF BERYLLIUM OXIDE 
4 - 10.I+ IN. OF BERYLLIUM OXIDE 

3 

~ - _j ___ .L --~ .i _LJ _____ L.__ __ ......_ _ _.___...._____.____.___.___,__.___. 

0.03 0.05 0 .08 0.10 0.30 0.50 0.80 1.00 
NEUTRON ENERGY (ev) 

Figure 17. Spectrum variations with additions o f beryllium oxide 



Table Y. Results of spectrum modification with beryllium oxide 
Length of beryl-
lium oxide in 
beam tube(in.)0.0 0.781 1. 562 3.12 4.686 6.25 7.810 10.14 
Date 1/31/68 5/ 3/68 5/6 / 68 5/ 10 / 68 5/14/68 5/ 20/68 5/23/68 5/28/68 
Bulk D20 114 110 112 112 114 110 115 111 
temp. ( o F) 

Avg. cont. 39 58 60 62 62 64 67 69 
rod bank (%) 
Avg. neut. 0.05436 0.05304 0.05290 0.05301 0.05244 0.05153 0.05209 0.05083 
energy (eV) 
Avg. neut. 3000 2971 2973 2985 2976 2946 2980 2954 
velocity 
Cm/sec) 
% dev. from -1. 9 -2.3 -2.4 -2 . 6 +0.8 -4.2 -3.4 ~ 

~ 

ref. for 
0.0164 to kT 
% dev . from +2.9 +5.1 +7.1 +8.4 +3.3 +12.6 +13.8 
ref. for kT 
to 2kT 
% dev. from +4.8 +3.9 +13.0 +14.6 -3.9 +2. 6 -2 .1 
ref. for 2kT 
to SkT 
% dev. from -8.0 -17 . 2 -25.9 -35.3 - 36.3 -48.3 -59.2 
ref. for 5kT 
to 0.4 eV 
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not exhibit any significant trend with increased amounts of 

beryllium oxide . For the first region (0.016 eV to kT) a 

slight decrease in neutron population is observed with in-

creasing amount s of BeO. The trend here is weak (0.5%/in.) 

wi th significant fluctuations in the data (see Appendix C) . 

This decrease in intensity is due to the higher temperature 

and increased macroscopic absorption c r oss section of the BeO 

compared to tha t of the heavy water. The range of energy from 

kT to 2kT exhibits a trend toward increasing neutron popula-

tion with increased BeO. The trend is more pronounced than in 

the same range for graphite . 

A trend similar t o that of graphite is observed for the 

r ange of 2kT to 5kT . The r eason(s) for the trend of increas-

ing then decreasin g neutron population with increasing be ryl -

lium oxide length, has not been determined. However, it is 

possible that due to the steep radial flux gradient a point is 

reached where few neutrons in this energy range are scattered 

into the beam with increased ma t erial. Thus , the i ncreased 

material only serves to moderate those neutrons in the beam. 

The high energy range again exhibits a strong trend 

(5.84 %/in.) toward decreasing neutron population with inc re as -

ing amount s of BeO. This trend is not as pronounced as that 

observed for graphite (6.35%/in.). 

Typical changes in the slow neutron ene r gy spectrum du e 

to additions of beryllium me t al as the scattering and moder-

ating medium are given in Figure 18 . The spectra have been 
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normalized so that they encompass equal area. Conditions for 

the spectra illustrated in Figure 18 are given in Table VI . 

No correction has been made for spectral shift with contro l 

rod bank variations. 

Table VI. Conditions for typi cal observed spect r a with Be 
metal 

Curve Date Reactor Reactor Bulk D20 Length of 
# power control temp. ma t e ri al in 

rod bank (OF) beam tube 
(in.) 

1 7/17/68 5MWth 79% 123 0.0 
2 6/5/68 5MWth 73% 119 2.06 
3 7/3/68 5MWth 80 % 115 8. 25 
4 7/5/68 5MWth 82% 118 10.375 

An es timate of the beryllium temperature, which is above 

ambient, due to radiation he ating and the energy liberated by 

the gamma-neutron reaction in beryll ium, is in the range of 

450° to 800°F. This estimate is based on the measured tempe r-

ature of graphi te and the fact that beryllium metal will con-

duct heat readily. Gamma f lux in the area of the materials is 

estimated to be 108 R/hr. The bery llium metal used for this 

phase of the experiment was 98.4 weight percent Be metal with 

2 weight percent BeO and trace amounts of other impurities 

which have very low neutron capture cross sections. Density 

of the Be metal used was 1.845 gms/cm3. 

Table VII tabulates the conditions which were tested for 

Be metal. The arbitrary energy regions are the same as those 



Table VII. Results of spectrum modification with beryllium metal 

Length of beryllium 
in beam tube(in.) 0.0 1. 031 2.063 4 . 125 6.188 8 . 250 10.375 

Date 7/17/68 6/3/68 6/5/68 6/7/68 7/2/68 7/3/68 7/5/68 
Bulk D~O 123 118 119 120 111 115 118 
temp . ( F) 
Avg. cont. 79 72 73 73 76 80 82 
rod bank (%) 
Avg. neut. 0 . 05406 0.05420 0 . 05294 0.05163 0.05031 0.05043 0.04957 
energy (eV) 
Avg. neut. 2989 3004 29 77 299 8 29 29 29 35 2906 
velocity (m/sec) 
% dev. from ref. -1. 3 +0 . 4 -2 .3 -0 . 7 -2.3 -0.1 
for 0.0164 to kT ~ 

00 
% dev . from ref. +3.8 +3.6 +8. 2 +10.1 +12.0 +8.3 
for kT to 2kT 
% dev. from ref. +0.1 -4. 7 -1. 2 -8.0 -4.9 -6.8 
for 2kT to 5kT 

% dev. from ref. -11. 6 -22.8 -30.0 -50.5 - 51. 9 -53.0 
for 5kT to 0 .4 eV 
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used previously in this section. The reference unmodified 

spectrum was obtained for a control rod bank position of 79 % 

withdrawn. Average neutro11 energy and velocity do not exhibit 

any significant trend with increased amounts of Be metal . For 

the lowest arbitrary energy region (0.0164 eV to kT) the pre-

viously observed trend of a slight decrease in neutron popula-

tion with increasing material continues . The decrease in this 

low energy region was again due to the higher temperature and 

increased macroscopic absorption cross section of the Be metal 

compared with that of the heavy water . The rang e of energy 

from kT to 2kT yields a similar trend to that of graphite and 

beryllium oxide. The degree of increase in neutron population 

with increased material is approximately constant in this 

energy region for those materials tested. In the range of 2kT 

to SkT a general decrease in neutron abundance with increasing 

amounts of beryllium metal is noted . This indicates a greater 

degree of neutron moderation in this energy range for Be metal 

than either graphite or beryllium oxide. For the energy range 

of SkT to 0.40 eV a rapid decre ase in neutron population with 

increasing length of Be metal is exhibited. The trend here is 

not as pronoun ced (S.10 %/ in.) as eithe r graphite (6.35%/in . ) 

or BeO (5.84%/in.) . 

In addition to the spectral change with reactor control 

rod position, there were other possible errors associated with 

the experimental apparatus and methods used. A computer 
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program was developed and used to determine the effect on the 

spectra of these variables. A discussion of the error analysis 

methods and results are gi~en in Appendix C. 

The curves of relative total neutron curren t versus 

length of material in the b eam tube for the three materials 

tested are given in Figure 19. These curves h ave been cor-

rected for the effect of control rod position (change in axial 

flux distribution) on the total neutron curr ent . No correc -

ti on has been made for the spectr al shift (as illustrated in 

Figure 15 ) with con t rol rod position. The spectral shift 

would cause some s mall error, since the go l d foils us e d t o 

measure the t otal neutron current have a c ross- section propor-

tional to l/v. 

Figure 20 indicates the change in cadmium- ratio with 

increasing lengths of material in the b eam tube. The effect 

of the observed spec tral shift with control rod posi tion would 

have caus ed more error in the cadmium -ratio measurement than 

total neut ron current measurement , due to the resonance 

absorption of go l d above approximately 2 e l ec t ron volts . 
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CONCLUSIONS 

It was suggested that an increase in total neutron cur-

rent might be observed with the addition of a scattering 

material at the inner end of the beam tube. An increase was 

not revealed by the results of this experiment. However , the 

inner end of the beam tube was away from the edge of the core 

and beyond the thermal flux peak illustrated in Figure 2. 

Also, materials with much higher macroscopic scattering cross 

sections than heavy water were not tested. Therefore, the 

expectation of increased neutron current under appropriate 

conditions was not conclusively eliminated. The data of 

Figure 19 do not exhibit an exponential decrease in neutron 

current that might be expected if neutrons traveling parallel 

to the beam tube were the only contributing component . The 

decrease of 22% in total neutron current observed when a one-

inch piece of graphite was pulled back three inches from its 

full-in position, further illustrates that a significant 

amount of "non-parallel" components of neutron flux can be 

incorporated into the exiting beam. Since the component of 

the flux which is parallel to the beam tube has a larger fast 

neutron component than the non-parallel flux, it would be 

advantageous to increase the initially non-parallel and de-

crease the parallel component of the neutron flux. 

From the results of this experiment, the following con-

clusions were determined · 
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1. For best results the scattering material used 
should be as close to the inner end of the beam 
tube as possible; 

2. There is a significant spectral shift observed at 
a beam port as the axial flux distribution 
changes (i.e., core burns out); 

3. The total neutron current from a beam port may 
vary considerably (on the order of 25%) through 
the life of the reactor core for a fixed power 
level; 

4. Additions of those scattering materials tested 
produced a relative increase in neutron popula-
tion for the kT to 2kT region. 

The information presented in this thesis is not intended 

as an optimized set of data. Rather it is intended to be used 

as a guide. For instance, an experimenter who is performing 

neutron diffraction studies usually is interested in neutrons 
0 

with a wave length of one Angstrom (i.e., 0.0825 ev). Thus, 

he may want to use beryllium oxide heated by radiation, since 

of the materials tested beryllium oxide exhibited the greatest 

relative intensity increase of the neutrons with energies near 

0.08 electron volts. However, it should also be noted that 

the addition of material into the beam tube decreases the 

total neutron current. Therefore, if the experimenter can use 

the modified beam and shield externally for the unwanted radi-

ations, it may be to his advantage. These data would then be 

only a part of the information needed to make the decision of 

how to enhance the neutron beam. 

When selecting a material to be used in the manner 

described, consideration of properties other than nuclear 
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should be included . When materials are placed near n reactor 

core , they will be affected by the radiations (i . e ., during 

this experiment the materi~ls were subjected to a thermal 

neutron flux of greater than 5 x l013n/cm 2-sec. and a gamma 

dose rate on the order of 108 R/hr) . The radiation can cause 

chemical composition changes, swelling, decreas ed tensile 

strength, high temperature buildup, etc. When designing a 

facili ty it is important to consider dimensional stability 

and chemical change (i.e., if a large block of beryllium had 

been used in this experiment it would have melted). The 

materials used in this experiment showed no si gns of increased 

brittleness, dimension change or discoloration . Howeve r, the 

longest exposure was only f our months . 

The r esults of t his expe riment indicate tha t greater 

accuracy could have been obtained i f the experiment had been 

performed ove r a much shorter time. The shorter time would 

render unnecess ary the corrections for total neutron current 

and spectral shift versus control rod bank position with 

respect to the beam port . 



56 

SUGGESTIONS FOR FUTURE WORK 

During this investigation several areas of interest for 

future study have become appare~t . The following list indi-

cates the possible study areas together with reasons for the ir 

usefulness. 

1 . ) The effects of using larger diameter sample s (i .e., 

3, 4, or 5 inches in diameter) would be informative . 

Larger diameter samples would concentrate more 

scattering material in the higher flux region . The 

result may be to scatter more neutrons into the beam 

and increase the cadmium ratio for the same thick-

ness or length. 

2.) Experiments could be performed which may determine 

the actual location of the thermal flux peak as 

illustrated in Figure 2. If the location of this 

peak could be obtained, one may concentrate scatter-

ing material in this region and determine whether 

an increase in thermal fl ux can be achieved . 

3.) A series of spectrum measurements could be performed 

at a beam port to define the variations and degree 

of the spectral shift with control position. The 

spectral variations during the course of an experi-

ment could be very useful to an expe rimenter. 
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APPENDIX A. PROGRAM DATARE DESCRIPTION AND FLOW CHART 

This se c ti on presents the description, flow chart and 

program listing for the DATARE program. 

The flow cha rt for the DATARE pro gram is given in Figure 

21. The input and output parame t e rs are de fined as follows: 

D 

D2 

D4 

DS 

E 

EBAR 

FIT, F2T, 
F3T 

H 

I 

N 

Q 
T 

- Array of channe l data 

- Array of channe l data corrected for 
probability of detection 

- Array of final corrected spe ctrum data 

- Array of channel counts with total counts 
normalized to 1.00 

- Array of energies corresponding to channels 

- Average energy in the r eg ion of interest 

- The aperture correction f unc t ions for the 
appropriate time i nterval s 

- Fr equency i nput to chopper drive motor 

- Arr ay of input counts re corded per channel 

- Total number of data channe ls 

- Channel width (micro - seconds) 

Array of flight times corre sponding to 
channe ls 

TC Total counts in energy range of interest 

TVl, TV 2 , - Values of flight time bounding the aperture 
TV3, TV4 correction functions 

u 
v 

VA 

- Flight path length (inches) 

- Array of velocities corresponding to 
channels 

- Avera ge velocity of the meaningful portion 
of the spectrum 
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- Initial constant time interval 

- Probability of detection 

As indicated on the flow chart, the program reads and stores 

the input data, corrects for probability of detection and 

chopper aperture. The program also normalizes the data, cal-

culates velocity, energy, time of flight, and prints out the 

data in a suitable format. 

The program listing is given in Figure 22. 



Rea.d Inp'4t Dcila. 
Co".slnnt s: N, 1-1 , ')( , q .1.,U 
In u.t rrO: :I 

DO- LOOP : J" = 11 N 

Co.. le~ laJe Time ot 
Fl ight o. .... d °Enerqi of 
Eo.ch C ha."'n~I 

DO- LOCf> : T : I . ~ 

Corred tor Probo..bal i t1 
of Ddedio n 
b BF.3 

C.a.lc1.1.lo..le Time 
I'"'lervo.l.s for- A p~r tu.t e 
Correction f="unc. t1ons 

D O- LOOP: J": ~q 4 8 3 

C Cl lc~la le Channel Veloci 4 

Deterrnine Appl'"o pr i o l e 
Aperture Cor redior'I tuJ'\d ion 
( orred Do..fo .. Vao-
Corr~C t; o n Fu.l'\C i ion 
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Wr ite. H~adin9s for Do..tQ 
Write o'4t u. t Dalo.. 

DO· LOOP: J• q~. 4-83 

orrnall1a 'To~al Coa.1nls 
of Meo.n'1 nqful Portion 
o~ S e d r1.1.rr"1 to I. 0 

Break. Up Meani n~f 1.1. I 
Port ion of Sped rum 
Into RQqion~ io 
Obse rve. Va.r io t ions 

DO-LOOP: J' :~C) 453 

Cal cufd tc:. Avero..9e. 
Ene.i-q ;t o..nd Veloc·1t.:1 
o-t 5 ec+ntrt'\ 

Fi gure 21 . Fl ow char t for t he DATARE computer program 
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APPENDIX B. DETERMINATION OF THE CHOPPER APERTURE CORRECTION 

AS J\ FUNCTION OF TIME 

The neutron chopper aperture correction as a function of 

velocity will be derived first, since the correction as a 

function of time uses much of the same material [11]. 

The problem to be considered involves the operation of 

a Fermi type neutron chopper, and the development of the equa-

tions necessary to correct the data taken. 

Suppose the availability of a neutron spectrum of veloci-

ties described by a probability function is N(v,t), where 

N(v,t) is the neutron population at velocity v and time t. 

At a reactor be am port the neutron spectrum should be inde-

pendent of time, i.e. aN(v,t)/at = 0. 

The basic construction of the chopper used is illustrated 

in Figure 23. It is constructed of alternating laminations of 

cadmium and aluminum of length 2R and thickness W compressed 

together and rotated about the center point at angular veloc-

ity w. 

Figure 24 illustrates a single slit or "window" in the 

following positions: 1) starting to open; 2) full open; 

3) just closed. 

If we consider that one end of the turning "window" is 

exposed to a beam of collimated neutrons and that all neutrons 

passing through the "window" travel in straight line paths; 

then we may approximate the effect of the window by the two 
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~CADMIUM 

D ALUMINUM 

~_...~~~~~~~~_._ ............................ _._......__, 

h------ JR ~ I 

_l 
w 

t 

Figure 23. Illustrates basic construction of the chopper 

,_ __ 
I ------!=--------=---: ' - ---L----

- - -; 
- - I 

. : - ===---- --- - --- -- I 

--- --1 

Figure 24. Illustration of a single rotating slit or 
window 
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shutters illustrated in Figure 25. 

Assume tha t at time t = 0 the window is open or paraJlc l 

to the collimated beam. Refer to Figure 25 for variable 

definitions. 

Then : x 1 (0) = 

x 2 (0) w = 1 

~ - wRt 

When x 1 (t) =;the window is opening . 

w Thus "2" ; - wRt 

-wRt = W 

t = w 
wR 

From Figure 25 it can be seen that 

x 2 (t) = x 1 (t) + w. 
w There fore x 2( t ) = 1 - wRt. 

When x 2(t) = - ~ the window is just closed. 

Thus - ; = ~ wRt 

W = wRt 

w t = 

Similarly for area A2 



Figure 25. Shutters il l ustrating window ends 

Figure 26. (lower left) Effective area of transmission 

f 2wR2 < or --W- v 

Figure 27 . (lower right) Effective area of transmission 
wR2 2wR2 

for -W- < v < -w~-
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x 

X =- W/2 
t"=O PLANE 

"t = (R/v -W/wR) I 
X=Wl 

1: = (W/wR -R/v) 

"t = 0 PLANE 
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w = - "L 

= W + wRt l 

Area A1 (t) is bounde d by: 

x1 (t) < x <~for - :R < t < 0 

w w - "L 2 x < x 2(t) for o < t < wR 

It is preferable to describe the boundary e dge s of the 

neutrons passing through Area A1 by del ayi ng t he a rea A1 by 

the time corresponding to the time necess a ry to travel a 

distance R. 

A1 (t - ~) is bounded by wR(~ - t) - ; 

and - ; < x < wR(~ - t) + ; 

R R Thus x (t --) = wR(--t ) 1 v v 

Simultaneous ly area A2 can be expressed as being bounded by : 

w w 
~ + wRt for - ~ < t < 0 
t. wR -

~ + wRt < x < W for 0 < t < W -Z- - WR 

To provide a conveni ent point of reference, area Az will 

be shifted earlier in time by R/v to provide a space r efe r ence 

point at the center of the chopper . 



73 

Thus A2 (t+~) is bounded by: 

w R w - "L 2- x < wR(-+t) + 2 v 
and R w < w wR(- +t) - x < "L v "L-

Thus 
R wR (~+t) w X3(t+V) = + 2 v 

R wR(~+t) w x4 (t+y-) = - 2 v 

By substituting values it can be shown that the effective 

area for transmission takes the shape of Fi gure 26 for 2wR 2/W 

< v and Figure 27 for wR2/w < v < 2wR2/w. 

For x1 (t-~) =~the window is opening . 

Thus wR(~-t) - ; 

R t - -v 

:::: 
w 
2 

w = L the window is closing. 

Thus wR(&.t) w w - "2" = "L v 

R + t w - = wR v 

t w R = wR - -v 

The value of v at the intersection of x1 and x4 is the 

limiting or cut-off velocity v . c. 0. 
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R -v 
w 
WR" 

R -v 

v 

= 

= 

= 
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w R 
WI{ -v 

w -w R 

wR2 
= v --w- c. 0. 

The values of t when x 2 and x3 intersect the W/2 plane 

R x (t--) 2 v 

R t = -v 

= w 
7 

= w 
! 

R t = --v 

For the outside edges in time of Figure 26 . 

x3 (t+~) = R xl (t-v) 

wR(~+t) +~ wR( ~- t) w = - 2 v 
2wRt = -w 

t -w = ~ 
Likewise for R 

X4 (t+V) = R x2 Ct-v) 

R W R w wR(v+t)-7 = wR(--t) + ! v 

2WRt = w 

t w = 2wR 

w = 2 

w = 2 

Now to compute the values for effective window width as 

a function of time and velocity . 
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2wR2 For Figure 26 (i.e. ~ < v < oo) 

w W+WRt wR2 
7 xl = - --v 

w W-wRt wR2 
7 - X4 = - --v 

w for - 2wR < t < 

for - ~ < t < 0 v 

R for 0 < t < -- v 

for R w < t - WR v 

for 0 < t w < -- wR 

< 

R - -v 

0 

R -v 

xc(v,t) may be visualiz ed as the he ight of the region at the 

center of a given slit through which a neutron of velocity v 

must pass at the time t in order to travel completely through 

the chopper "window". Thus the probability of finding neu-

trons of velocity v that will pass through the chopper is a 

function of time, and is equal to: 

P(v,t) = N(v)Kxc(v,t) 
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The aperture correction used is derived from the assump-

tion that all the neutrons of a certain velocity are grouped 

closely together in time at the detector , thereby permitting 

their normalization according to an attenuation function. 

The number of neutrons of a given velocity that pass the 

chopper is proportional to xc(v ,t ), and proportional to the 

length of time associated with xc(v,t). Therefore, if the 

aperture function of velocity is F(v), then: dF(v) = dxcdt. 

F(v) = Jfdxcdt . which corresponds to the cross-sectional 

area of our figure. Thus, for 2wR2/w < v the area of section 

1 in Figure 26 is A1 = 1/2 bh where b = (W/2wR - R/v) and 

h = W-2wRtlt=R/v, h = W - 2wR 2/v . Therefore 

A = 1/2( W -~)(W-2wR2)= R(~-~)2 1 2wR v v w 2wR v 

For the a rea of section 2 Figure 26 

2 2 
A2 = 1/2(~) (W-2wR + w - wR ) v v v 

2 
= ~(2W-3~R ) = W 3R2 

wR(---) 
WV 2v2 

Due to symmet ry about the t=O plane, 

F (v) = 2(A1+A2) = 
w2 R2 

2wR( 2 2-:t") for 
4w R 2v 

For wR2 2wR2 
in -w < v < ~ area A1 Figure 27 

2 
A1 = 1/2(!_-~)(W-wR) = wR v v 

2wR 2 
w-

is: 

< v 
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Thus F(v) = ZA1 = wR(~-~) 2 for~ < v 

It proves beneficial to normalize this function to the 

function at infinite velocity F(oo) where 

for 

w2 R2 
F(00 ) = 2wR( 2 2-:--z-) 

4w R 200 

2wR2 ffit -w- < v = 
00 

1 

w2 
= 2wR( z 2) 

4w R 

wz = "2Wl< 

2 
- 2 (WR ) 2 

vW 

And for 
R2 2 R2 F(v) 2 (1-~~2) 2 w < v < w = -w- - - -w- ~ 

Let F1 (v) _ F(v) 
- ~' then 

F1 (v) 0 for 0 < v < wR 2 
= -w 

F1 (v) 2(1-~~2)2 R2 2wR2 = for ~ < v < -w---w -
2 2wR2 F1 (v) = 1-2(~~ ) 2 for -w- 2. v < 00 

Thus, F1 (v) is the aperture correction function . 

We now compute the neutron population as a functio n of 

t and v at the detector. 
2wR2 From page 75 for -W--- 2. v < oo 
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w 2wRt for w t R 
xc(v,t) ::; + -Zwl{ < < w - v 

xc(v,t) w + wRt wR2 
for R < t < 0 = - -- - -v v 

w wRt wR2 
for 0 < t < R 

xc(v,t) = - - -v v 

w 2wRt for R < t w - ~ZR v -

Likewise for w~Z < v ~ ~ 

xc(v,t) w wRt wR2 
for R w < t < 0 = + - -- - wR v v 

xc(v,t) w wRt wR2 
for 0 < t < w R = - - -- WR -v v 

For 0 < v < wR2 
-w-

The distance from the center of the chopper to the detec-

tor is de fi ned as D. 

F 2wR2 < < or W- v oo 

xd(v,t) = w + 2wRt 2wRD for D w t D-R -- - 2wR < < --v v v 

xd(v,t) = w + wRt wR(D+R) for D-R < t < D - --v v - v 

xd(v,t) = w wRt + wR(D-R) for Q. < t < D+R --v v - v 

xd(v,t) w - 2wRt + 2wRD for D+R t D + w = -- -- < < - 2WJ{ v v v 

Likewise for wR2 -w- < v 2wR2 
< -w--
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W + wRt - wR(D+R) v 

W - wRt + wR(D - R) v 

wR2 
And for 0 < v < -W-

for R~D - ~ < t 2_ ~ 

D W fo r v < t < w-p: + _D_-_R 
v 

To observe the intersections of the various xd 's, we 

simply substitute values of v into the boundary values of time 

(i.e. values of v into t = D/v - W/2wR, t = D-R/v, t = Div 

etc.). The resultant intersections of xd(v,t) are plotted in 

Figure 28 . 

In the velocity dispersion shown in Figure 28, data re -

corded before t = W/2wR includes infinite velo c ity neutrons. 

For the moment let us drop all data where t < W/2wR. 

D For t 1 = v 2:RI 

values of D/R > 2 give values of t 1 > W/2wR. Therefore , we 

are interested in values oft greater than t 1 . 

t=-D-+ W 
vMAX 2W[ 

t = D 

vMAX = 
D 
w t-"2WR 

D 
t+ w 

Twl( 
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Figure 28 . Representation of a velocity dispersion showing 
the limits in time and velocity for the functions 



i\v(t) = D[ 1 w 
t - ZwR 
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1 
w 

t + 2WR 
] 

The most probable velocity in this increment is v = D/t. 

Consider now the computation of the following int egral . 

VMAX 

F(t) = J xd(v,t)dv 
vMIN 

To cover the who l e range of possible values the above 

integral must be calculated in four sections. 

1) 

2) 

3) 

4) W (D+l) <t < WD for vMAX = "2Wl{ ~ - - ----:-!' wR 

D 
vMIN = W 

t+ 2wR 

D W ' vMIN = 
t-!Wl{, 

D 

D 
t+ w "Z"WR" 

D 
w ' VMIN = 

t- 1Wl( t+ w 
~ 

D-R 
W ' vMIN = 

t- wR 
D+R 

t+ w 
Wl{ 

For section 1 (i.e., - z:R < t ~ z:R) the integral 

00 

F(t) = f xd(v,t)dv is 
vMIN 

00 

F(t) = f 
vMIN 

(W+ZwRt- ZwRD)dv v 

= (W+ZwRt)v - 2wRD ln vi 

= 00 

00 

D 
w t+ 2Wlr 
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W W D Performing the integral for TtiJI{ 2 t 2 !Wl{("R"- 1) we have 

D-R 
Fl Ct ) --1-t- D/t R D (W+ZwRt- Z~RD)dv +/ D-R[W+wRt- ~ (D+R)]dv 

~- t 

D+R 

t+ w 
"!WR D 

+j -t 
D/t 

[W -wRt+ wR(D-R)]dv 
v 

. w 
t-Lwl{ 

D+R ---r-
(W-ZwRt+ ZwRD) dv 

v 

which reduces to; 

1 F1 (t) = WD[ W 
t - lW1{ 

For the next r egion: 

- 1-.......--- ] + 2w RDt [ tz 
t+ w IWlt 

1 
w 

t- LW1t 
1 w t + IWl{ 

D/t D+R 
F2(t) =1 [W+wRt- wR(D+R) ]dv +j_t_(W- wRt + wR(D-R) ]dv 

D+R v D/t v 
w 

t+ wR 
D 

t- w 
+ ( 1W1{ [W- ZwRt+ ZwRD] dv 
} D+R v 
-t-

which reduces to; 
= W( D D+R ) + wR(3D+R) - wRt( D+R 2D w t+ w t+ w + w t - Tui1{ WR" WI{ t- 2WR 

ln( t3 
) + wR 2 ln( t ) 

(t + w )(t- w )2 t + w wR rwn: WI( 

+ wRD 

] 

) 
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For the last region: W ( D+l) < t < WD 
rwlr 1{ - 2 wR 

D-R 
D/t w t- WR 

F3 (t) 1 D+R 
[W+wRt- wR{D+R)]dv + f w [W-wRt+ wR(D-R)]dv 

v v 
w D/t 

t+ W'R" 

which reduces to; 

( D-R D+R D-R D+R ) F3 t) = W( W - W ) + 2wRD - wRt( W + W 

+ wRD ln 

t- wR t+ Wl< t- WR t+ WR 

w 2 (D+R) (t- WR) 
+ wR ln ----....,...w~ 

(D-R) (t+ Wl<) 

The following checks were worked out algebraically and found 

to agree. 

F3 (t) 0 at t WD = = 
wR2 

F3 (t) = F2 (t) at t = w ( D +l ) 
~ "2Wl< 

F2 (t) = F1 (t) W D at t = 2wR( R -1) 

The composite function appears below: 



F(t) = W( DW 
t-~ 

Dw ) + 4wRD - 2wRt( Dw 
t+2wR t-Zw"R 

+ D ) 
t+ w "2wl{ 

F(t) = 

D2 2 D+R D2t 2 
-wRD ln 2 2 - wR lnn"'- + 2wRD ln W , 

D -R u -K (D2-R2) [t2-(~) 2] 

D+R 
~ WR 

+ wR(3D+R) - wRt( 2DW 
t-~ 

and for 2~R(~+l) < t ~ :~2 

F(t) = W(~ - ~) + 2wRD - wRt(D-~ + D+R ) 
t-- t+!L t--" ~ wR wR wR WI< 

2 - wR 
(D-R) (t+W R) 

ln w 
(D+R) (t-:R) 
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Figure 29 shows the effective slit width as a function of 

time and velocity . 

The counts received in a time increment at the detector 

correspond to the following: 

N(v)PDET(v)xd(v,t)dv dt 

Where 
c. = counts/channel 

1 

N(v) = neutron density 1n neutrons/square area 

k = width of the chopper (or collimator) window 

PDET(v) = detector efficiency as a velocity function 

For the time regi on t ~ SW/wR, the velocity variation for 

v in t he above integral changes, less than ~5 % ; thus a reason -

able approximation is: 

however thi s is 

t. 1 
Ci = kN(vavg)PDET(vavg) I i+ F(t)dt, 

t-1 

and for su fficiently small time increments this becomes 

and we arrive at 



w 

Figure 29 . 

2 
VELOCITY (WwR ) 

Effective area of transmission for neutrons with velocity v to pas s 
through the chopper in time t 
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APPENDIX C. ERROR ANALYSIS 

Discussion 

In any experiment there will inevitably be some errors 

associat ed with the equipment and/or procedure used. The 

method of error ana lysis employed here was to de termine the 

maximum reasonable deviation of the parameter studied, and to 

determine the effects of this deviation throughout the energy 

spectrum, using the computer program where possible. The 

reference case data for the error analysis was obtained after 

careful alignment of the experimental equipment without any-

thing in the beam tube to modify the beam. In general the 

more pess imi stic value of the parameter was used for the 

analysis; thus , the resultant err or bar was larger than other-

wise might be determined . 

The followi ng are the parameters studied and their 

effects. The individual errors are the difference between the 

reference case and the case with the varied parameter . The 

energy difference or error was determined by noting the varia-

tion from the aluminum scattering peaks. 

Effect of time delay shif t 

There wa s approximately 4 micro-seconds time delay due to 

loss in cabl e , pulse -shaping electronics, and time of flight 

analyzer. 

The start of "open" pulse was calibrated pe riodically; 

however, an error of + S minutes of rotation was possible . 
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The + S minutes of rotation would be an upper bound since the 

chopper "window" was only open for S9 minutes of rotation . 

The input frequency of the chopper drive motor was 100 

Hertz. This figure corresponds to 3000 rpm or SO rps. There 

are 360 x 60 = 21,600 min/rev. (SO rev/sec) x (21,600 min/rev) 

= 1,080,000 min/sec, therefore 

+ S min 6 = + 4.63 x 10- sec . 
1.08 x 106 min/sec 

The total time shift is 4 + 4.63 microseconds or +8.63 

microseconds and -0.63 microseconds (with a delay defined as 

positive). This value was then added to the constant (x in 

the computer program) in the equation used to determine t he 

location of each channel in time. 

Table C 1 gives the data and differences observed . 

Effect of flight path variation 

The flight path length was measured for each accumulation 

of spectrum data. The error in this measurement should be no 

greater than + 1/4". Also, the size of the detector was 

assumed to be zero inches. The actual effective diameter of 

the detector was 0.87S inches. The effective change in flight 

length due to detector size was ~ (O.S) (.87S/2) = ~ 0.22". 

Therefore, in error analysis the flight length was taken as 

+ 0.47 inches. 

Table C 2 gives the data and differences observed. 



Table c 1. Effect of variation in time delay 

Reference Observed Observed 
10-10 

Difference Difference 
value x lo-10 value x lo-10 value x for for 
and energy and energy (ev) and ene rgy (ev) TD=8 . 63 µs TD=-0.63 µs 
(eV) for TD=8.63 µs for TD=-.63 µs 

39.25 39.5 38.25 +0.25 -0. 40 
0 .0 2 0.01970 0 . 02025 -0.0003 +0.00025 

46.4 46.65 46. 1 +0.25 -0.30 
0 . 03 0.02975 0.0302 - 0.00025 +0.0002 

48.5 48.75 -l8. 2 +0.25 - 0.30 
0.04 0 .039 8 0.0.+0 15 -0.0002 +0.00015 

45.8 46.25 45.75 +0.45 - 0 .05 00 

0.06 0.0599 0.060 1 -0.0001 +0.0001 l.O 

40.5 40.35 .+ 0 . 6 -0.15 +0.10 
0.08 0 . 08 0.08 0 0 

33.0 32.75 33.15 -0.25 +0.15 
0.10 0.10 0.10 o o 

13.8 13.75 14.0 -0.05 +0.20 
0.20 0 . 20 0 . 20 0 0 

9 . 75 9. 70 9.75 -0.05 0 
0.30 0 . 30 0.30 0 0 



Tab le C 2. Effect of variation in flight path length 

Reference Observed 10 Observed Difference Difference 
value x lo-10 value x 10- value x lo-10 for flight for flight 
and energy and energy (ev) and energy (ev) length length 
(ev) for flight for flight +0 . 47" - 0. 4 7" 

length +0.47" length - 0 . 4 7 " 

39 .25 38.5 38.80 -0 . 75 -0. 45 
0.03 0.02035 0.02 +0. 000 35 0 

46.4 45.75 46.1 -0 . 65 -0.30 
0 . 03 0.0303 0.03 +0.0003 0 

48.5 47.90 48.2 -0.60 -0.30 
0.04 0.04025 0.04 +0.00025 0 

l.O 

45 . 8 45.7 45.7 -0 . 10 -0.10 0 

0 . 06 0.06015 0 .0 6 +0.00015 0 

40.5 40.6 40.25 +0.10 -0.25 
0.08 0.0801 0 . 08 +0.0001 0 

33.0 33 . 15 32.65 +0.15 -0.35 
0.10 0.10 0.10 0 0 

13.8 14 . 0 13 . 8 +0 . 20 0 
0.20 0.20 0.20 0 0 

9. 75 9.80 9 . 75 +0 . 05 0 
0.30 0 . 30 0.30 0 0 
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Effect of dead time 

The error caused by dead time of the sys tem was con-

trolled by the BF3 detector used, since it has the longes t 

recove ry time of ten microseconds. 

The following is a typical calculation used to determine 

the error caused by dead time. The shortest data accumulation 

time was 3.5 hours. The individual data channel widths used 

were 4 microseconds. At an energy of 0.08 eV, 9.644 x 10 3 

counts were recorded. The chopper was revolving at 50 rev/ 

sec, and there arc two neutron bursts per revolution. In eLJch 

data channel the data was accumulated for 8 µs/rcv. In 3.5 

hours there are 210 minutes. Therefore: 

9.644 x 103 counts = 45.92 counts/min 210 min 

The equivalent counts/min = ~~4-5-·-9-2~C_P_M~~ = 114,810 CPM 
(SOrev)(Sxl0-6 sec) 

sec rev 
R 

- 6 = lOxlO sec = 1 67 10 -7 min 
60 sec/min · x T 

where : Rl = actual count rate 

R = observed count rate 

T = detector dead time 

Therefore: 

Rl = l .1 48lxlOS 
l-(l.148lxl0 5)(1.67xl0- 7) 

= l.148Sxl05 = l.17lxl05 CPM 
1 - 0.0192 
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5 
P t (l.171-l.148S)x10 xlOO = l . 92~o ercen age error = 5 l.17lxl0 

Table c 3 t abulates the error ve r sus energy. 

Table c 3 . Effect of detector dead time 

Neu t rons Obs erved Actual count % error Error 
energy counts rate (CPM) val ue 

(eV) x10- lO 

0.02 3.07xl0 3 3.682lxlo4 0 . 6 0.0576 
0.03 S.59xl03 6.73xl04 1.11 0 . 2652 
0.04 7.38xl0 3 8.917lxlo 4 1. 5 0.507 
0.06 9.26xl03 l. 123xl0 5 1. 8 0.710 
0.08 9 . 644xl0 3 l. l 7lxl0 5 1. 92 0 .604 
0.10 9.07xl0 3 l .lOxlOS 1. 8 0.348 
0.20 S.86xl03 7.06x10 4 1.16 0 .0 26 
0.30 s.06x103 6 . 084x104 1. 0 0 .0095 

The e rrors in Table 3 are all positive. 

Error due to frequency drift (motor hunting) 

The t ime between successive start pulses of the chopper 

was measured and found to deviate ~5% under the worst poss ibl e 

condition. The following was the method used to determine the 

frequency change. 

W(t) 

t 

ti 
e = ( W(t) dt = 1T for 1/2 r evolution lt

0 

= W + k sin1Tt s 

t a t 100 Hertz = 1T rad (1 + .OS ) = 0.01+0.0005 sec 
100 1T rad/sec 
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e = 

1.0Sxl0 - 2 
= W t - k COS7Ttl s 7T 

0 

= (1007r)(l.05xl0- 2) - !cos(l.05xl0- 2TI) +O - k TI TI 

where: ws = 100TI rad/sec for a power supply frequency of 

100 Hertz 

to = time of peak of first pulse 

tl = time of peak of next pulse 

k = amplitude of fluct uation 

For th is time interval e should = TI 

1. OSTI !(.9946) k 7T = -TI TI 

k = 0 . 248 

w(t) = ws + 0 . 248 sinTit 

= 100TI + 0.248 for the worst case 

w = TI f for 1/2 revolution 

flf = + 0.248 = + 0.079 Hertz 
3.1416 

Thus frequencies of 99.921 Hertz and 100.079 Hertz were 

input to the program. Table C 4 gives the data and differ-

ences observed. 



Table C 4. Effect of variation in motor frequency 

Reference Observed Observed Difference Difference 
value x lo-10 value x lo-10 value x lo-10 for for 
energy (ey) & energy (ey) & energy ( e \") 100.079 99.921 

for 100.079 for 99.921 Hertz Hertz 
Hertz Hertz 

39 . 25 39.25 39.0 0. 0 -0.25 
0.02 0.02 0.02 0 0 

46.4 46.2 46.30 -0.2 -0 .1 
0.03 0.03 0.03 0 0 

48 .5 48.25 48 . 5 -0.25 0 
0.04 0.04 0.04 0 0 c.o 

~ 

45.8 45.75 45.90 -0.05 +0.10 
0.06 0.06 0.06 0 0 

40.5 40.75 40.6 +0. 25 +0.10 
0.08 0.08 0.08 0 0 

33.0 33.20 33.0 +0.20 0 
0.10 0.10 0.10 0 0 

13.8 14.0 13.9 +0. 20 +0 .10 
0.20 0.20 0.20 0 0 

9.75 9.75 9.75 0 0 
0.30 0.30 0.30 0 0 
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Error due to larger effective chopper radius 

The chopper was ali gned perpendicular to the neutron beam 

each time by eye. I f the chopper was not perpcndicul ar to 

the neutron be am, the effective r ad ius of the chopper in-

creased. The chopper was aligned many times by eye, and meas-

urements were made to determine the most probable effec t ive 

radius increas e . It was found to be 0.010 inches. The r efore , 

a value of 1.510 inches was input for R in the computer pro -

gram to determine its e f fec ts . Table C 5 gives the resul ts. 

Tab le C 5. Effect of vari a tion in chopper r adius 

Refere nc e 
value x lo-10 
energy (cV) 

39.25 
0 . 02 

46 . 4 
0.03 

48.5 
0.04 

45.8 
0.06 

40.5 
0.08 

33.0 
0.10 

13 . 8 
0 . 20 
9.75 
0.30 

Observed _10 value x 10 
& energy (eV) 
for R = 1.510" 

40.5 
0.0172 

47.0 
0.0282 

49.5 
0.0390 

46.75 
0.0596 

40 . 25 
0 . 0798 

32.50 
0.10 

12 . 75 
0 . 20 
8.75 
0.30 

Difference 

+] • 25 
-0 . 0028 
+0 . 60 
-0 . 0018 
+l. 0 
-0.001 
+0 . 95 
- 0.0004 
-0 . 25 
-0.002 
-a.s o 

0 

-1. 05 
0 

-1. 0 
0 
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Possible error due to chopper slit width 

The chopper slit width was the vertical height of the 

window for neutron transmission. It was not known whether 

there was any error in the value us ed (12]. However, a small 

error in the slit width could have caused a large error in 

the spectrum determined. Upon investigation of the toler-

ances used in design, and for the materials used, a deviation 

of + 0.0002 inches was applied due primarily to the inherent 

ripple in the aluminum sheet used fo r the window. The values 

of slit width employed for analysis were 0.0202 inches and 

0.0198 inches. Table C 6 gives the results. 

Based on the data previously derived the variances and 

st andard deviations were calculated . For small deviations in 

the function and variables, it can be shown that [5], 

02 ( 6f ) 2 ( 6f 2 ---( 6f 2 = 6a 0a + 6b 0b) = 6m Om) 

Where: 2 is the variance a 

6f is the change i n the function due to the change 

in the variable 

b.a is the deviation of the variable a 

aa is the standard deviation of a 

It was assumed that the distribution of the variable was 

uniform. The assumption of a uniform distribution is very 

pessimistic and therefore gives an upper limit of expec ted 

error. Thus the variance was of the form [8], 



Table c 6 . Effect of variation in c hoppe r s lit width 

Reference Obse r ved 
10-10 

Obse r ved Di ffere nce Diffe r ence 
value x 10-10 value x va l ue x 10-10 for for 
& energy (eV) & energy (eV) & energy (eV) S=0.0202" S=0 . 0198" 

for S=0. 0202 " for S=0 . 0198" 

39.25 40 . 3 37.75 +l.OS -1. so 
0 . 02 0.02 0.02 0 0 

46.4 47 . 2S 44 . 90 +0 . 85 -1. so 
0 . 03 0.03 0. 032 0 +0.002 

48 . S 49.S 47.0 +l. 0 -1. so 
0.04 0.04 0. 04 0S 0 +O.OOOS 

4S.8 46.8 44.7S +l. 0 -1. OS \.::: 
-....J 

0.06 0 . 06 0.0602 0 +0 . 0002 

40 . S 41. s 39.7S +l. 0 -0.7S 
0 . 08 0.08 0.0801 0 +0.0001 

33 . 0 33.8 32.S +0.80 -0. s 
0.10 0.10 0.10 0 0 

13 . 8 14.lS 13 . 7S +0 . 3S -0 . 0S 
0 . 20 0.20 0.20 0 0 

9 . 7S 9.82 9.60 +0 . 07 -0.lS 
0 . 30 0.30 0 . 30 0 0 



2 
aa 

Cf = a 

98 

= (26a) 2 
12 

[
(26a) 2] 1/2 

12 

Where 6a corresponds to the maximum deviation of the 

variable a, and variables a, b, c , d , and e correspond to time 

delay , flight path, frequency change, effective chopper 

radius, and choppe r slit width respectively. The contribution 

to the error from detector dead time was added directly but 

only to the positive deviation since it yielded a positive 

deviat ion. 

The standard deviation of the variables is computed 

below : 

(J2 = (26a) 2 
= (2x8.63) 2 

= 24 . 826 a 12 12 

(J2 = ( 2 6b) 2 
= (2x6.47) 2 

= 6.07363 b 12 12 

a2 = (26c) 2 
= (2x0.079) 2 

= 6.07363 c 12 

(J2 ( 26d) 2 2 -4 = = (2x0.012 = 0.333xl0 d 12 12 

2 (26e2 2 (2x2xl0- 422 -8 (J = = = 1. 3xl0 e 12 12 

Thus the variance in the positive direction (i . e. , 

positive 6f ' s) at 0.02 eV was: 
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10 -2 2 
( 0.2Sxl010x4.98)2 (1.2Sxl0 x0 . S774x10 ) = +O+O+ 

8 . 63 10-2 

10 -4 + (l . OSxlO xl .14x10 )2 
2.ox10- 4 

a 2 = 0 . 89912 x 10 20 

10 Therefore, the standard deviation a was a = 0.9486xl0 . 

The dead time error was added directly. Thus the final a was 

(0.9486 + 0.0576) x 101°= 1 . 00624 x 1010 . 

The variance in the negative direction at 0.02 eV was: 

10 10 cr2 = (0.40xl0 x4.98)2 + (0.7Sxl0 x0 . 2714)2 
8.63 0.47 

+ (0.40x10lOx0.2714)2 + (o.2sx1010xo.0456)2 
0.47 0.79 

+ (l .SO xl010xl.14xl0- 4)2 
2x10- 4 

= O.OS33xlo 20 + 0.18756xl0 20 xo . OS33Sxl0 20 + 0.02082xl0 20 

+ 0.73lxlo 20 = l.046xlo 20 

Thus the standard deviation q was equal to l.02276xlo10 . 

Table C 7 gives the standard deviation at each energy 

and the resultant percent error. The values of standard 

deviation given in the table are plotted in Figure 30. 

In some cases the spectrum was observed to have devia-



Table c 7 . Estimates of uncertain t y in meas ured values of intensity as a 
f unction of energy 

Energy Reference plus minus % error % error 
(eV) value x 10-10 x 10-10 x 10 - 10 p l us minus 

0.02 38.25 1. 00624 1.02 276 2.56 2.6 
0.03 46.4 0 . 878 0 . 9837 1. 9 2 . 12 
0.04 48.5 1. 336 0.9752 2 . 75 2 . 0 
0.06 45.8 1. 55 0.613 3.38 1. 34 
0.08 40 . 5 1. 2 78 0.4865 3 . 15 1. 2 
0.10 33.0 0 . 84 0.378 2 . 55 1. 45 
0 . 20 13.8 0.31614 0 . 6077 2 . 29 4.4 ...... 

0 
0 

0.30 9.75 0.0595 0.5 85 0 . 61 6 . 0 
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Figure 30. Reference energy spectrum with typical error ranges 
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tions in the energy for deviations in the variables. Based 

on the data previously derived, the variances and standard 

deviation were calculated. The method us ed was the same as 

previously illustrated . 

was: 

was: 

The energy variance in the positive direction at 0 . 02 eV 

-4 -4 
0 2 = (2 . SxlO x4.98)2 + (3.SxlO x0.2714)2 

8 . 63 0.47 

a 2 = 2 .08lxl0- 8 + 4.08Sxl0- 8 

a 2 = 6.166xl0- 8 

The r e fore: -4 a = 2.483xl0 

The energy variance in the negative direction at 0 . 02 eV 

-4 - 2 - 2 
0 2 = (3x10 x4 . 98)2 + (0 . 28xl0 x.5774xl0 )2 

8 .63 0.0] 

2 -8 8 a = 2.997xl0 + 261.4xl0-

a 2 = 26 4.37Sxlo- 8 

Therefore: a = -4 16.26x10 

Table C 8 gives the standard deviation in energy at each 

energy, and the resultant percent error. 

The values of the standard deviation in Table C 8 are 

illustrated in Figure 30. 
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Table C 8. Estimates of uncertainty in measured values of 
energy as a function of energy 

Energy a plus a minus % error % e rror 
(eV) x 104 x 104 plus minus 

0 .0 2 2.483 16.26 1. 24 8 .13 
0. 03 ll.S9 10.49 3 . 86 3 . S 
0.04 3 . 34 S . 89 0.84 1. 5 
0.06 1. SSS 2.38 0.26 0.4 
0.08 0.817 l. llS 0.1 0 . 144 
0.10 0.0 0 . 0 0 0 
0.20 0.0 0 . 0 0 0 
0.30 0 . 0 0.0 0 0 
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APPENDIX D. CALC ULATION OP EXPECTED NEUTRON ENERGIES AND 

RELATIVE MAGNITUDE WHICH WILL BE SCATTERED BY POLYCRYSTALLINE 

ALUMINUM 

The following illus trates how the expected scattering 

energies and relative magnitudes were calculated for poly-

crystalline aluminum . 

The aluminum unit cell is a face-centered c ubi c . For Ll 

cubic structure the r e lative intensity of coherent scattering 

of the planes is 3!x2n/K [9]. In the preceding equation n 

equals the number of non- zero indices and K equals the number 

of like indices (e.g., for a 1,1 , 1 plane K = 3) . For t he 

1,1,1 plane the relative intensi t y equals 6x23/3 = 16 . How-

ever, the smallest relative intensity obtained was six. 

Therefore, the o thers were norma l ized to six. Thus , the 

1,1,1 plane has a normalize d relative intensity of 2 . 67. 

The following was used to determine the energies of t he 

neutrons at which the scattering will occur : A = 2ds in O where 

the distance d between scattering planes is a / h 2+k 2+t 2 where 
0 

a is the l attice const ant (4.04145 A for aluminum), and h , k , 

t are the indices of the plane, and A is the wave-length asso-

ciated with the neutron. Thus 

The only cases of interest are for values of e such that 

sin 8 = 1 (i.e., .A = 2a ) For the 2,2,2 plane 
hz+kz+tz . 
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0 
0 

2.33SA. 

0 

The energy of a neutron with wave-length A(A) is E = (0.286)2 
A(A) 

electron volts. Thus for the 2,2,2 plane E 

0.015 electron volts. 

= (0.286 )2 = 
2.3 3SA 

From Figure 11 it can be seen that for neutron energies 

approximately 0.08 electron volts and higher, the irregular-

ities in the spectrum are no longer observed. The reason for 

this is that the scattering energies are so close together 

that the individual scattering effects are no longer dis-

tinguishabl e . Table C 1 lists the scattering pluncs in 

aluminum, their normalized relative intensity, nnd the energy 

of the neutrons which will be scattered by this plane. 
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Tab le D 1 . Relative intensity of diffracted neutron beam as 
a function of scattering plane orientation 

Observed scattering Normalized relative Neutron energy 
planes in aluminum intensity coherently 

scattered 
.. (electron vol t s) 

• 222 2 . 67 0.015 
400 1. 0 0 . 02 
331 4.0 0 . 0238 
4 20 4 . 0 0 . 025 
422 4 . 0 0.0302 

• 511 4.0 0 . 0333 
333 2.67 0 . 0337 
440 2.0 0.04 
531 8 . 0 0.0439 
442 4 . 0 0 . 0451 
600 1. 0 0.0451 
620 4.0 0 . 05 
533 4.0 0 . 0537 
622 4 . 0 0 . 0552 
444 2.67 0 . 0601 
551 4.0 0 . 0625 
711 4 . 0 0.0625 

• 

t 




