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X-RAY MASS ATTENIJATION COEEFICIENTS IN THE RANGE OF 

50 TO 150 kvp WITH DATA FOR SEVERAL REACTOR MATERIALS 

B. E. Foster and J. W. Evans' 

ABSTRACT 

Ekperimental determinations of the low-energy x-ray 
attenuation coefficients of some materials associated with 
nuclear technology were made to permit their use in 
homogeneity studies and various radiographic techniques. 

steel, Zircaloy-2, type 1100 aluminum, and uranium-aluminum 
alloys of 7, 18, and 25 w t  k U. 

coefficients. 
experienced a large deflection angle, the x-ray beam was 
finely collimated; as a part of the collimation, the detector 
was well shielded and located far from the absorber. 

A Norelco 150 x-ray unit was used as the source of 
radiation. The detector was a thalliumectivated NaI 
crystal, optically coupled to a photomultiplier tube. The 
equipment, its operation, and the experimental procedure 
are discussed in detail. 

law as applied to x rays. Theoretical coefficients were 
based on reported data. Mass attenuation coefficients were 
determined as the summation of the fractional absorption 
caused by the significant constituent elements within the 
limits of predetermined energy ranges. 

The materials examined were types 304 and 347 stainless 

All attenuation coefficients determined were narrow-beam 
To prevent the detection of any photon that 

Ekperimental calculations were based on Iambert's 

INTRODUCTION 

There has been an increasing interest in x-ray absorption properties 

of materials, particularly in the field of nondestructive testing. This 

interest arises from the direct use of x-ray absorption for the measure- 

ment of homogeneity, density, or thickness of materials. The current 

absorption information is restricted to theoretical x-ray attenuation 

'Presently with General Electric Company, Cincinnati, Ohio. 
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coef f ic ien ts  on 

those remaining 

pa r t i cu la r  elements, w i t h  a computer extrapolat ion f o r  

elements. EScperimental da ta  on spec i f ic  a l loys  are not 

generally avai lable .  Therefore, a research program w a s  begun t o  experi- 
mentally determine t h e  x-ray absorption coef f ic ien ts  of a l loys  associated 

w i t h  nuclear technology. 
The purpose of t h e  invest igat ion w a s  t o  measure, as a function of 

energy, t h e  x-ray at tenuat ion coef f ic ien ts  of spec i f ic  a l loys.  These 
r e s u l t s  may be applied t o  the  a l loys  studied f o r  t h e  gaging of thickness, 

the determination of density,  and/or the  measurement of homogeneity. The 

material se lec t ion  w a s  based on the  necessi ty  for t h i s  information i n  

nuclear reac tor  technology. The materials examined were types 304 and 
347 s t a in l e s s  steel, 1100 aluminum, Zircaloy-2, and enriched (93% U235)  

uranium-aluminum a l loys  containing 7.0, 18.6, and 24.8 w t  U. Ebergy 
boundary conditions of 40 t o  130 kev were d i c t a t ed  by t h e  capacity and 

range of t h e  Norelco (50 t o  150 kvp) x-ray un i t  employed. 

Theory 

A review of t h e  l i terature reveals  that considerable e f f o r t  has been 
devoted t o  fundamental x-ray absorption coef f ic ien ts  f o r  t h e  elements. 

G. W. Grodstein2 has calculated coef f ic ien ts  f o r  24 elements. Grodstein' s 

calculat ions were based on t h e  p robab i l i t i e s  of t h e  various in te rac t ions  
taking place within matter when it 1s subjected t o  electromagnetic radia-  
t ion.  E. Storm, E. Gi lber t ,  and H. Israel3 did addi t iona l  work on element 
absorption when they extrapolated, w i t h  t h e  a i d  of an IBM 704 computer, 

t he  homogeneous x-ray absorption coef f ic ien ts  f o r  elements 1 through 100 
from the 19 elements computed by G. R. White.4 

2G. W. Grodstein, "X-Ray Attenuation Coefficients f rm 10 kev t o  100 

3E. Storm, E. Gi lber t ,  and H. Israel, Gamma Ray Absorption Coefficients 
MeV, 'I N a t .  Bur. Std. (U. S. ) Circ. 583, Washington, D. C. (195'7). 

f o r  Elements 1 through 100 Derived from the Theoretical  Values of the 
National Bureau of Standards, LA-2237, I;os A l m o s  Sc ien t i f i c  Laboratory (1958). 

N a t .  Bur .  Std. (U.S. 1 Rept. 1003, Washington, D. C. (1952). 
4G. R. White, "X-Ray Attenuat.1on Coefficients from 10 kev t o  100 Mev," 

. 
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The events which take place within an absorber when subjected t o  low- 

energy quanta ( l e s s  than 1 mev) include t h e  photoelectr ic  e f fec t ,  t h e  
Compton ef fec t ,  coherent scat ter ing,  and secondary fluorescent emission. 

These in te rac t ions  have been thoroughly discussed by Clark5 and Compton.6 

The t o t a l  a t tenuat ion of photons i s  a summa-tion of t he  in te rac t ions  of 
these various quanta with matter. 
t o  B. E. Dozer' i n  Fig, 1, where the  t o t a l  a t tenuat ion coef f ic ien t  curve 

f o r  t i n  i s  the  r e s u l t  of t he  absorption due t o  photoelectr ic  e f fec t ,  Compton 
ef fec t ,  and p a i r  production. As expected, t he  predominant contributing 

event a t  low energies i s  the  photoelectr ic  e f fec t .  

This i s  graphical ly  i l l u s t r a t e d  according 

a 

Equipment 

The energy range of 0-150 kvp (0-130 kev) w a s  of primary i n t e r e s t ,  

and f o r  t h i s  reason use w a s  made of a Norelco 150 x-ray unit. 
Different  numbers of copper f i l t e r s ,  i n  increments of 100-mil thick- 

ness, were placed i n  t h e  x-ray beam t o  reduce t h e  beam in t ens i ty  with a 
high tube amperage t o  avai lable  photomultiplier tolerances. 

amperage was necessary t o  improve s t a b i l i t y  of t h e  x-ray beam. In addition, 

t h e  f i l t e r s  served t o  harden the  x-ray beam, thus  causing t h e  x-ray spec t r a l  

peak t o  be sharper and enabling more accurate locat ion of t h i s  peak with 
the  detect ion and counting system. 

The high tube 

The detect ion method, which employed a sodium-iodide c r y s t a l  and photo- 

mul t ip l ie r  tube, w a s  selected on t h e  bas i s  of t h ree  major considerations. 
These were (a) l i n e a r i t y  of t he  detector  output throughout t h e  energy range 
used, (b) high detect ion efficiency, and (c) resolving time which would 

allow a high-duty cycle without severe dead-time losses.  All of these  fea-  
t u r e s  were cha rac t e r i s t i c  of t h e  scintillator-photamultiplier method. A 

3 X 1 1/2-in. c r y s t a l  of sodium iodide ( t h a l l i u m  act ivated)  op t i ca l ly  

5G. L. Clark, Applied X-Rays, McGraw-Hill, New York, 1940. 
6A. H. Capton  and S. K. Allison, X-Rays i n  Theory and Ekperiment, 

7B. E. Dozer, A Null Balance X-Ray Absorption I n s t m e n t  f o r  Chemical 
D. Van Nostrand Co., Inc., New York, 1957. 

Process Monitoring, HW-60898, Hanford At& c Products Operation (1959). 
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coupled t o  a 6363 Du Mont photomultiplier tube w a s  used as t h e  detector  

head. 

been used equally as  w e l l .  
A smaller c r y s t a l  and d i f f e ren t  photomultiplier tube could have 

The se lec t ion  of t h e  pa r t i cu la r  l i n e a r  amplif ier  and pulse-height 
se lec tor  was based on t h e  needs f o r  low-drift r a t e  over long periods of 

t i m e  and t h e  a b i l i t y  t o  discriminate between energet ic  components near t he  

desired spectrum. 
designed f o r  use with sodium-iodide (thall ium ac t iva ted)  detectors  
f u l f i l l e d  these requirements. 
discussion of t he  design and capab i l i t i e s  of t h i s  amplifier.  

The double-differentiated amplif ier  (DD2) which w a s  

Fairs te in '  provides a complete technica l  

The remaining pieces  of equipment were of l og ica l  se lec t ion  
t h e  need was f o r  rapid indicat ions of counting r a t e s  integrated over a 
short  period of t i m e .  
Brown recorder were su f f i c i en t .  
x-ray cont ro l  panel i s  shown i n  Fig. 2. 

s ince 

For t h i s  purpose, t h e  l i n e a r  count-rate m e t e r  and 
A photograph of t he  detect ion system and 

The sample mater ia ls  were selected according t o  t h e i r  a v a i l a b i l i t y  

and t h e i r  app l i cab i l i t y  t o  both power- and research-type reactors .  The 

range of sample thickness was based on theo re t i ca l ly  approximated 
at tenuat ion coef f ic ien ts  t o  give a more uniform in t ens i ty  change f o r  each 

sample through the  an t ic ipa ted  range of x-ray energies. 

sample thickness was necessary t o  achieve the  optimum s e n s i t i v i t y  and 
accuracy. Attenuation coef f ic ien ts  f o r  each sample thickness were 
determined by the  summation of the  f r ac t iona l  absorption caused by the  

s ign i f icant  const i tuent  elements within t h e  l i m i t s  of t h e  predetermined 
energy levels .  Precise values of each of t he  const i tuent  elements were 
determined by a chemical ana lys i s  w i t h  a *l$ accuracy. 

values i s  included i n  Appendix A. 

This control  of 

A table of these 

Material and thickness da ta  on t h e  ac tua l  t e s t  specimens a r e  

presented i n  Table 1. 

'E. Fa i r s te in ,  "A Nonblocking Double Line Linear Pulse Amplifier, 
Rev. Sci. In s t r .  - 27(7), 475-82 (1956). - 
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Table 1. Specimen Thicknesses 

c 

1 .  

i 
! 

- 

Type 304 Ty-pe 347 Enriched 
1100 Sta in less  S ta in less  Uranium-Aluminum Alloys 

Aluminum ~ i r c a l o y - 2 a  Steela  Steela 77b u 18qb U 25$ U 
(in. 1 (in.  1 (in. 1 (in. 1 ( in . )  ( in . )  ( in . )  

0.358 0.110 0.077 0.062 0.256 0.256 0.256 
0.312 0.057 0.055 0.039 0.116 0.120 0.120 

0.249 0.031 0.020 0.020 0.059 0.030 0.020 

%e samples not containing uranium were machined and polished t o  
the  tabulated thickness with a k0.0005-in. tolerance l i m i t .  The uranium- 
aluminum samples were ro l l ed  t o  t h e  same tolerance.  

The density of a l l  samples was determined using the  alcohol 
displacement method. These values a r e  tabulated i n  Appendix B. 

Etxperimental Procedure 

Figure 3 is an i l l u s t r a t i o n  of t he  equipment arrangement and w i l l  
f a c i l i t a t e  t h e  descr ipt ion of the  experimental procedure. 

head and detector  were separated by approximately 12 1/2 f t .  This separa- 

t i o n  w a s  desired t o  e n m e  a narrow beam of x rays a t  the  detector  without 

t he  necessi ty  of pinhole collimation. 

narrow, should not be la rger  than  0.01 steradian. 
bean w a s  0.00014 steradian. 

The x-ray tube 

Photon beams, t o  be designated 

In  t h i s  instance, the  

The alignment of the x-ray tube head, collimators, and detector  w a s  
accomplished with a s e r i e s  of radiographs a t  each s tage of t he  collimation 
and, subsequently, a t  t he  detector.  

Preliminary measurements indicated t h a t  there  w a s  rad ia t ion  leakage 
a t  the  tube head. 
gible .  
system used, it was  of considerable concern. The problem w a s  solved by 

completely shielding t h e  x-ray tube from the  detector  w i t h  lead br icks ,  

except f o r  a 3/8-in.-diam port  through which the  primary beam passed. 

From a radiographic standpoint, t h i s  leakage w a s  negl i -  
But with the  high precis ion needed and the  sens i t ive  detect ion 

'G. W. Grodstein, "X-Ray Attenuation Coefficients from 10 kev t o  100 
MeV, " N a t .  Bur.  Std. (U. S. ) Circ. 583, Washington, D. C. (1957). 

. 
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I n i t i a l  measurements were conducted on an 0.255-in.-thick commercial 

aluminum sample a t  83 kev. 
remotely displacing the  sample from the  x-ray beam. 
was t o  monitor the  primary x-ray beam in t ens i ty  f o r  3 min before the  

sample w a s  inser ted t o  obtain an  average value f o r  the  unabsorbed beam. 
The sample w a s  then inser ted  and the  reduced in t ens i ty  of the  beam moni- 
to red  f o r  3 min. 
w a s  again t o  be measured f o r  3 min. 
should agree, provided no counting r a t e  s h i f t  occurs. The center measure- 
ment would be an indicat ion of t he  rad ia t ion  absorbed. A cor re la t ion  
between t h e  first and last measurements could not be obtained if the  x-ray 

uni t  was turned off between recordings because of the  inherent x-ray tube 

f luctuat ions.  The problem w a s  eliminated w i t h  an assortment of Plexiglas 
guides and f i t t e d  framing designed t o  allow samples of d i f f e ren t  thick-  
nesses t o  be moved remotely i n  and out of t h e  x-ray beam without removing 
the  power from t h e  uni t .  

The r e s u l t s  indicated the  necessi ty  f o r  
The planned procedure 

Finally,  t he  sample w a s  removed and the  unabsorbed beam 
The first and last measurements 

Same x-ray tube i n s t a b i l i t y  w a s  noted i n  t h e  energy range below 

40 kev (60 kvp). 

voltage and amperage. 
range of energies was 40-130 kev. 

This i n s t a b i l i t y  w a s  a random f luc tua t ion  of t h e  tube 

A s  a r e s u l t  of these f luctuat ions,  t he  usable 

The ca l ibra t ion  of t he  pulse-height analyzer was accomplished using 
the  gamma rad ia t ion  of known energies from two isotopes, Sn113 and U235. 
The gain of t he  l i nea r  amplifier w a s  simply adjusted u n t i l  t he  gamma peaks 
were obtained a t  convenient s e t t i n g s  of t he  energy (E) d i a l  on the  ampli- 
f i e r .  
b ra t ion  w a s  obtained. Then, a t  any d i a l  se t t ing ,  t he  kilo-electron vo l t  
could be calculated with the  product of t he  ki lo-electron vo l t  per divis ion 
and d i a l  reading. 
well. The equipment ca l ibra t ion  was performed twice daily,  and corrections 

were made for any ca l ibra t ion  change. 

From these d i a l  readings, t he  ki lo-electron vo l t  per divis ion c a l i -  

These data  provided a l i n e a r i t y  check of t he  system as 

The voltage output of t he  photomultiplier tube has been defined as 
the  pulse height. 

p l i e r  and amplifier combination is proportional t o  the  amount of incident 

x-ray energy d iss ipa ted  by t h e  detector.  

The height of each pulse from t h e  c r y s t a l  photamulti- 
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These s m a l l  voltage pulses from the  photomultiplier a r e  fed through 

a preamplifier t o  a l i nea r  amplifier and pulse-height analyzer for shaping 
and se lec t ion  between two d e f i n i t e  voltage levels .  

pulse-height analyzer then goes t o  a l i n e a r  count-rate meter and f i n a l l y  
t o  a recorder. 

The output from the  

Data Processing 

As noted i n  the  experimental procedure, t h e  l e v e l  of t h e  recorded 

data  w a s  controlled i n  three  ways: (1) the re  w a s  control  of t h e  input 

voltage t o  the  x-ray tube head, (2) t he  copper f i l t r a t i o n  removed much 

of t he  s o f t e r  x rays and sharpened t h e  x-ray spectrum, and ( 3 )  t h e  pulse- 
height analyzer re jec ted  those s ignals  from energies above and below that 

being monitored. 
e f fec t ive  x-ray energies. The 

recorded data were then averaged a t  18-sec counting in t e rva l s  t o  obtain 
a mean counting r a t e .  

t h e  x-ray beam i s  shown i n  Fig. 4 .  

The counting data  were recorded a t  S k e v  increments of 
Ehch da ta  period w a s  of 3-min duration. 

A t yp ica l  recording with t h e  sample i n  and out of 

Laslbert's l a w  was applied t o  compute t h e  experimental t o t a l  attenua- 

t i o n  coef f ic ien ts  which a r e  l i s t e d  i n  Appendix C. 

t o  x rays, i s  

This law,  as applied 

where 
Io = incident photon in t ens i ty  without t he  sample i n  t h e  beam path, 

I = photon in t ens i ty  after the  sample has been inser ted  i n t o  t h e  

beam path, 
x = thickness of t h e  sample, and 

pR = l i n e a r  a t tenuat ion coeff ic ient .  lo 

The quantity, pR, i s  d i r e c t l y  dependent on the  physical s t a t e  of t h e  

A coef f ic ien t  on a mass basis,  which i s  matter t raversed by x radiat ion.  

'9. T. Sproull, X-Rays i n  Practice,  McGraw-Hill, New York, 1946. 
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independent of the physical state of the absorber, has been more frequently 

measured and used. The mass a%tenuation coefficient, p , is the linear 
attenuation coefficient divided by the density of the absorber. 

m 

A final equation of 

I -an 1= 

for the experimental determination of the mass attenuation coefficient 

was found by substitution for pj and rearrangement of Lambert's equation. 

For a given alloy, the approximation for the total mass absorption 
coefficient is the summation of the absorbing effects from each of the 

significant elements. Therefore, for an alloy containing several signi- 

f icant elements 

given energy is 

where 

= mass 
a 'm 

in its composition, the mass absorption coefficient at a 

absorption coefficient for the alloy, 

fl, f2, and f3 = element weight fractions, and 

and p = element absorption coefficients. 11 
'ml) pm2, m3 

Theoretical coefficients for each of the materials were determined 

by the latter equation using the tabulated weight fractions in Appendix A 

and element attenuation coefficients as listed by Grodstein,12, Stann,13 

and White.14 

Representative curves were then computed to an approximate equation . 
of a general hyperbola form by a least-squares fit using a digital 

computer. These curves and the experimental curves obtained from Imubert's 

l lR. D. Evans, The Atomic Nucleus, McGraw-Ell, New York, 1955. 
12G. W. Grodstein, "X-Ray Attenuation Coefficients from 10 kev to 

100 Mev," Mat. Bur. Std (U.3.)  Circ. 583, Washington, D. C. (1957). 

13E, Storm, E. Gilbert, and H. Israel, Gama Ray Absorption Coeffi- 
cients f o r  Elements 1 through 100 Derived from the Theoretical Values of 
The National Bureau of Standards, LA-223'7, b s  Alamos Scientific Labora- 
tory (1958). 

Nat. Bur. Std. (U.S.) Rept. 1003, Washington, D. C. (1952). 
14G. R. White, "X-Ray Attenuation Coefficients from 10 kev to 100 Mev," 
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l a w  a r e  shown i n  Figs. 5-12. The curves represent t he  data of t h e  
at tenuat ion coef f ic ien ts  only i n  t h e  comparatively s m a l l  energy range 
considered. Therefore, comparisons w i t h  functions over an extensive 
range of energies would not be applicable. 

Two possible e r ro r s  i n  the  experimental determinations should be 

recognized. 
i s  inser ted  i n t o  t h e  photon beam 
For t h e  first instance, t he  s h i f t  i n  t he  spectrum w a s  small s ince t h e  
samples were r e l a t i v e l y  thin.  Attempts were made t o  dis t inguish t h i s  
s h i f t  by relocat ing t h e  x-ray peak a f t e r  t h e  samples were inserted; 
however, movement of t he  peak w a s  too  small f o r  t h e  instrument resolu- 
t ion.  
w i t h  t h e  uranium-aluminum a l loys  s ince uranium tends t o  segregate. This 
required t h e  se lec t ion  of sample specimens based on r e l a t i v e  film densi- 
t i e s  of high-contrast radiographs. However, complete hmogeneity cannot 

be assured even by t h i s  method. Figure I 3  i s  a typ ica l  radiograph of 
t h e  uranium-aluminum samples and shows, by t h e  in se t  c i r c l e ,  the  area 
penetrated by the  x radiation. 

These a r e  the  s h i f t  i n  t h e  x-ray spectrum when the  sample 
and t h e  inhomogeneity of t he  samples. 

In  t h e  second case, t he  sample homogeneity proved t o  be a problem 

DISCUSSION ON MPERIMENTU AND THEORETICAL DATA 

Nonuraniurn Alloys 

A reasonable comparison w a s  observed between the  theo re t i ca l  and 

experimental r e s u l t s  f o r  a l l  t he  nonuranium a l loys  as was seen on the  

respect ive curves. 
coef f ic ien ts  w a s  s m a l l  as t h e  energies approached the  upper l i m i t  of 

investlgation. This w a s  expected s ince t h e  major change i n  absorption 
coef f ic ien ts  fo r  t he  elements i n  t h i s  program occurs a t  lower energies. 

The deviation i n  the  theo re t i ca l  and experimental 

For a l loys  t h a t  a r e  nearly pure metals, such as Zircaloy-2 and 1100 
This was t h e  case f o r  aluminum, close cor re la t ion  w a s  a l s o  expected. 

Zircaloy-2; however, a s m a l l  deviation was apparent i n  the  at tenuat ion 
coef f ic ien ts  f o r  1100 aluminum a t  lower energies, 

cause of t h i s  divergence was t h e  predominant, incoherent sca t te r ing  

in te rac t ion  which occurs i n  the  elements of lower atomic number. 

The most probable 
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I .  

The resu l t s  on s ta in less  s t e e l  indicate good correlation considering 
the number of signif icant  elements i n  these materials. 
of 70-130 kev shows the  minimum variation. 

The energy range 

Uranium Alloys 

A large, consistent deviation w a s  noted i n  t h e  uranium-aluminum 
coefficients. 

similar t o  U O O  aluminum. 
aluminum specimens which have a very small absorption coefficient com- 

pared t o  uranium, t h e  major source of t h i s  deviation w a s  a t t r ibuted t o  
the  element uranium. A large deviation i n  the theore t ica l  and experi- 
mental lower energy absorption coefficients for uranium has been noted 

also by R. T. McGinnies15 and R. EL Connally.16 

The aluminum used i n  t h i s  a l loy has high purity and i s  

Since close agreement was apparent i n  the  

The only absorption edge encountered i n  the  range of energies i n  

t h i s  study was associated with uranium. 
between 105-130 kev. Despite the f ac t  t ha t  considerable e f for t s  sharpened 
the  x-ray beam spectrum and reduced i t s  polychromatic character, there w a s  
a spread i n  the  absorption edge since the  x rays examined only approached 

a homogeneous wavelength. 

This absorption edge occurred 

Uranium w a s  a l so  the  only element having a suff ic ient  fluorescence 
energy t o  be of possible concern i n  t h i s  x-ray energy range, 
the presence of any fluorescence in tens i ty  w a s  not apparent. 

believed the  intensi ty  af the  character is t ic  x rays of uranium w a s  so 

small i n  comparison t o  the x-ray beam tha t  it had negligible e f fec t  i n  
reinforcing the  primary beam. 

However, 
It i s  

''R. T. McGinnies, "X-Ray Attenuation Coefficients from 10 kev t o  
100 MeV," N a t .  Bur. Std. (U. S. ) Supplement t o  Circ. 583, Washington, D. C. 
(1959). 

16R. E. Connally, U. I,, Upson, and P. E. Brown, Uranium Analysis by 
Gamma Absorptiometry, HW-54438, Hanford Atomic Products Operation (1958). 
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CONCLUSIONS 

The experimental results f o r  these a l loys  provide useful  curves 
t h a t  may be used with r e l i a b i l i t y  i n  measurements of homogeneity, deter-  

mination of density, or gaging thicknesses. These curves can be readi ly  

reproduced provided t h e  counting geometry employed i s  similar t o  t h e  one 

described i n  t h i s  program. 
Since t h e  absorption coef f ic ien ts  computed by G. R. White17 on t h e  

element uranium a re  apparently i n  e r ro r  f o r  t h e  lower energies and 

data of E. Storm e t  a1.18 were dependent on t h i s  element being correct,  

t he  invest igators  recommend fu r the r  a t tenuat ion s tudies  i n  t h e  lower 
energies f o r  uranium and t h e  elements with atomic numbers i n  t h e  proxim- 

i t y  of uranium. 

-- 

The authors recommend fu r the r  invest igat ions on a l loys  using a 

narrow x-ray beam with the  sample located nearer t h e  detector.  This 
would increase t h e  accuracy of t h e  ove ra l l  measurement of homogeneity 
since a grea te r  volume of penetrated mater ia l  would be ava i lab le  for 

chemical analysis.  
c lose dimensional tolerance on t h e  specimens. 

An invest igat ion of t h i s  type would require  extremely 

The authors are most g r a t e f u l  t o  Nancy M. Dismuke (deceased) f o r  
her help i n  t h e  computer programming and t o  W. C. Colwell f o r  h i s  a s s i s t -  
ance i n  t h e  l i n e  drawings. 
appreciation t o  R. W. McClung and W. J. Mason whose assis tance,  guidance, 
and helpful  suggestions g rea t ly  aided t h e  success of t h i s  program. 

The authors would pa r t i cu la r ly  l i k e  t o  express 

17G.  R. White, "X-Ray Attenuation Coefficients from 10 kev t o  100 Mev," 

18E. Storm, E. Gilbert ,  and H. Israel, Gamma Ray Absorption 
Nat. Bur.  Std. (U.S.) R e p t .  1003, Washington, D. C. (1952). 

Coefficients f o r  Elements 1 through 100 Derived from the  Theoretical  
Values of t h e  National Bureau of Standards, L4-2237, Los Alamos Sc ien t i f i c  
Laboratory (1958). 
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Table 2. Chemical Analysis in Weight Percent for  Each Test Material 

-~ 

Si Fe Cu Zn A l M n  Cr Ni C IVb Z r  Sn U 

0.5 71.4 a a a 1.0 17.3 9.8 a a a a a 
TYF 304 
Stainless Steel 

Tyye 347 
Stainless Steel 0.4 69.3 a a a 1.2 17.9 10.4 a 0.8 a a a 

Zircaloy-2 a a a a a a a a a a 98.6 1.4 a 

1100 Aluminum 0.1 0.6 0.2 0.1 99.0 a a a a a a a a 

Ur anium-KLumi nun a a a a 75.2 a a a a a a a 24.8 
a a a a a 18.6 Uranium-Aluminum a a a a 81.4 a a 

Uranium- Aluminum a a a a 93.0 a a a a a a a 7.0 

N 
4 

a Less than 0.1 w t  $ or negligible. 
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Table 3. Density Measurements on A l l  Samples 

~ 

Specimen Weight Weight in Alcohol Alcohol Difference Specimen Specimen 
Thickness in Air Alcohol Temperature Density in Weight Volume Density 

Specimen Material (4 (g 1 (g 1 (” c1 ( g / c m 3 )  (g1 (a3) (g/cm3, 

1100 Aluminum 
1100 Aluminum 
1100 Aluminum 

6.33 
7.94 
9.11 

55.ll09 39.1777 
69.1902 49.1974 
79.2038 56.3182 

25.8 
26.3 
26.2 

0.78454 
0.78410 
0.78420 

15.9332 
19.9928 
22.8856 

20.3090 
25.4978 
29.1834 

2.7136 
2.7136 
2.7140 

Ty-pe 304 Stainless Steel 
304 Stainless Steel 

Type 304 Stainless Steel 

0.505 
1.40 
1.96 

12.8038 11.5304 
35.9487 32.3956 
50.0363 45.0756 

0.78438 
0.78232 
0.78438 

26.0 
28.4 
26.0 

1.2734 
3.5531 
4.9607 

1.6234 
4.5418 
6.3244 

7.8870 
7.9151 
7.9116 

Type 347 Stainless Steel 
Type 347 Stainless Steel 
Type 347 Stainless Steel 

0.510 
1.00 
1.57 

12.9652 11.6783 
25.6359 23.0959 
40.0124 36.0508 

26.0 
26.0 
26.0 

0.78438 
0.78438 
0.78438 

1.2869 
2.5400 
3.9616 

1.6407 
3.2382 
5.0506 

7.9022 
7.9167 
7.9223 

Z i  r caloy- 2 
Zircaloy-2 
Zircaloy-2 

0.800 
1.44 
2.79 

17.3670 15.2926 
30.2213 26.6003 
58.43l4 51.4296 

28.6 
26.0 
25.9 

0.78216 
0.78438 
0.78446 

2.0744 
3.6210 
7,0018 

6.5484 
6.5465 
6.5465 

2.6521 
4.6164 
8.9256 

24.8 wt $ U-A1 

24.8 wt ’$ U-A1 
24.8 w t  $ u-Al 

0.508 
3.04 
6.52 

2.7340 2,0918 
16. I341 12.3630 
34.7521 26.6415 

25.3 
25.3 
25.3 

0.78496 
0.78496 
0.78496 

Q. 8181 
4.8042 

10.3325 

0.6422 
3.7711 
8.1106 

3.3419 
3.3583 
3.3634 

18.6 w t  $ U-Al 
18.6 w t  ’$ U-A1 
18.6 wt ’$ U-Al 

0.754 
3.05 
6.53 

3.8687 2.9086 
14.9911 11.2975 
32.9381 24.7769 

25.4 
25.4 
25.3 

0.78488 
0.78488 
0.78496 

0.9601 
3.6936 
8.1612 

1.2232 
4.7059 

10.3970 

3.1628 
3.1856 
3.1680 

7.0 wt ’$ U-Al 
7.0 w t  ’$ U-Al 
7.0 wt $ U-Al 

1.51 
2.97 
6.51 

7.0246 5.0953 
13.1536 9.5442 
29.0267 21.0580 

25.2 
25.2 
25.2 

0.78502 
0.78502 
0.78502 

2.4576 
4.5978 
10.1510 

2.8583 
2.8609 
2.8595 

1.9293 
3.6094 
7.9687 
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APPENDIX c 

A sample determination of the experimental mass attenuation coefficient 
of type 304 stainless steel is given as a guide to the experimenter. 

As noted in Table 4 for type 3% stainless steel at any energy of 

40 kev, 
Counting rate I = 24,200, 
Counting rate IO = 64,000, 

Thickness = 0.505 mm, and 

Density = 7.89 gfcc. 
Substituting these values in IQ. 2 of the text, 

24.2 -Jn- 64.0 
I -in - 

XP 

fin = 2.45 cm2/g 

pm = Io = 
(0.0505 ca7.89 g/ cc ) 

Table 4. Type 304 Stainless Steel Data 

Effective X-ray X-ray Copper Counting Counting Rate IO 
Ehergy Control Control Filtration Rate I Without Sample 
(ked (kVCP 1 (4 (4 With Sample (miU’1) 

(min-l) 

40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 
105 
110 
115 
120 
125 
I30 

58 a 
66 
73 
79 
83 
88 
92 
96 

103 
106 
112 
118 
121 
329 
I34 
I38 
u 7  
15 1 

10.3 
18.7 
14.3 
14.3 
15.1 
14.3 
12.3 
11.0 
10.8 
14.8 
13.9 
8.7 
8.5 
9.8 
13.0 
7.2 
9.8 
7.6 
8.0 

3.18 
4.76 
4.76 
6.35 
7.94 
9.52 
11.1 
32.7 
14.3 
17.5 
20.6 
17.5 
23.8 
22.2 
27.0 
28.6 
27.0 
34.9 
36.5 

24,200 
16,900 
48,400 
50,800 
59,000 
51,800 
70,200 
75,600 
45,400 
41,500 
24,200 
25,200 
51,400 
32,800 
28,600 
29,500 
46,500 

37,700 
37,200 

64,000 
34,700 
88,000 
83,500 
86,700 
7 1,600 
93,200 
96,300 
82,800 
74,300 
39,700 
39,400 
67,800 
46,400 
45,700 
46,100 
63,300 
53,400 
54,000 
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Table 5.  Additional Data and Attenuation Coefficients 
for Ty-p 304 Stainless Steel 

r-l, Mass 
Effective Sample Sample A!g e ~ ~ ~ ~ n  Attenuation 
Energy Thi c kne s s Density Coefficient Coefficient 
(kev 1 (m) (g/cm3) ( cm- ) h2/d 

40 

45 

50 

55 
60 

65 

70 

75 

80 

85 

90 

95 

100 

105 

110 

115 

120 

125 
I30 

0.505 

0.505 

0.505 

0.505 

0.505 

0.505 

0.505 

0.505 

1.40 

1.40 

1.40 

1.40 

1.40 
1.40 

1.96 
1.96 

1.40 

1.96 

1.96 

7.89 

7.89 

7.89 

7.89 

7.89 

7.89 

7.89 

7.89 

7.91 

7.91 

7.91 

7.91 

7.91 

7.91 

7.91 
7.91 

7.91 

7.91 

7.91 

19.3 

14.2 
11.9 

9.85 

7.64 
6.40 

5.62 

4.79 

4.30 

4.17 

3.55 

3.21 
2.78 

2.49 

2.40 

2.28 

2.21 

1.85 
1.83 

2.45 

1.80 

1.51 

1.25 
0.968 

0.811 

0.712 

0.607 

0.544 

0.527 

0.449 

0.406 

0.352 

0.315 

0.303 
0.288 

0.279 

0.234 

0.231 
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Table 6. Type 347 Stainless  S tee l  D a t a  

. 

Counting 
Wf ect ive X - h r  %Ray Copper Rate I Counting Rate IO 
Energy Control Control F i l t r a t i o n  With Sample Without Sample 
(kev) (kVCP) (ma 1 (4 (min-’) (min-l) 

40 57 13.1 3.18 15,000 42,400 
10.2 3.43 38,800 90,200 45 60 

50 66 10.1 4.76 37,900 73,500 
55 71 10.4 6.35 29,000 49,100 

65 81 12.5 9.52 37,000 54,100 
60 76 11.4 7.94 38,400 58,300 

70 86 12.0 ll. 1 46,100 62,900 
75 91 12.0 12.7 57,200 72,700 
80 96 9.5 ut. 3 46,300 73,200 

90 103 11.0 19.0 33,900 49,100 
85 101 9.9 17.5 45,600 56,200 

95 108 11.5 20.6 41,200 57,600 

100 113 9.2 17.5 39,200 53,600 

105 118 9.6 20.6 31,500 42,200 
110 127 10.0 25.4 27,100 40,600 

115 130 10.1 27.0 33,500 43,000 

I25 14 1 10.1 31.8 46,600 64,000 
120 I36 9.2 30.2 29,500 41,800 

I30 Ut6 10.3 34.9 41,100 56,000 
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Table 7. Additional Data and Attenuation Coefficients 
for Type 347 Stainless Steel 

p. Mass 
Effective Sample Sample enuation Att%nuat i on 

Coefficient Coefficient Energy Thickness Density 
(4 (g/.. 1 (ern-’ ) b 2 / g )  

40 

45 

50 

55 
60 

65 

70 

75 

80 

85 
90 

95 
100 

105 
110 

115 

120 

125 

I30 

0.510 

0.510 

0.510 

0.510 

0.510 

0.510 

0.510 

0.510 

1.00 

0.510 

1.00 

1.00 

1.00 

1.00 

1.57 
1.00 

1.57 
1.57 
1.57 

7.90 

7.90 

7.90 

7.90 

7.90 

7.90 

7.90 

7.90 

7.92 

7.90 

7.92 

7.92 

7.92 

7.92 
7.92 

7.92 

7.92 

7.92 

7.92 

20.3 

16.5 

13.0 

10.3 

8.18 

7.45 

6.10 

4.72 

4.57 

4.14 
3.71 

3.35 

3.13 

2.93 
2.56 

2.50 

2.24 

2.02 
1.98 

2.57 

2.09 

1.65 

1.30 

1.04 

0.943 

0.772 

0.597 

0.577 

0.524 
0.468 

0.423 
0.395 

0.370 

0.323 
0.316 

0.283 

0.255 
0.250 
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Table 8. Zircaloy-2 Data 

-~ - 

Counting 
Effective X-Ray X-Ray Copper Rate I Counting Rate IO 
Energy Control Control F i l t ra t ion  With Sample Without Sample 
(kev 1 (kVCP) (4 (m) (min-l) (min’l ) 

50 
55 
60 

65 
70 

75 
80 

85 
90 

95 
100 
105 
110 

115 
I20 

125 
130 

66 

73 
78 
82 
87 
91 
98 
104 

107 

112 
118 
123 
127 
132 
139 

142 
148 

18.7 

10.2 

11.2 
12.0 

12.7 
13.0 
15.8 
u, 9 
15.9 

14.9 
13.0 

11.9 
11.8 
11.0 

8.2 
9.0 
9.0 

4.76 
6.35 

7.94 
9.52 
11.1 

12.7 
15.9 

12.7 

ut. 3 
17.5 
20.6 

23.8 
25.4 
28.6 
30.2 
33.3 
36.5 

5,200 
10,000 
12,900 
16,700 
19,600 

25,800 
10,000 
15,700 
16,970 
18,800 
18,000 

15,900 
23,800 

22,700 
34,400 
12,900 
15,800 

92,400 
84,000 
73,000 
70,500 

67,600 
74,600 
50,000 
59,460 
57,000 
51,100 

45,300 

35,400 
49,600 
43,100 
63,000 

38,400 
40,600 
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Table 9. Additional DElta and Attenuation Coefficients 
for Zircaloy-2 

p Mass 
EfPective Sample Sample enuat i on Att%nuation 

Thi ckne 8 s Density Coefficient Coefficient ==W 
(ke4 (a) (g/cm3 1 ( cm-I ) ( cm 2/t3 1 
- _. 

50 

55 

60 

65 

70 

75 

80 
85 

90 

95 
100 

105 

110 

115 

I20 

125 

I30 

0.80 

0.80 

0.80 

0.80 

0.80 

0.80 

1.44 
1.44 
1.44 
1.44 
1.44 
1.44 
1.44 
1.44 
1.44 
2.79 

2.79 

6.55 

6.55 

6.55 

6.55 

6.55 

6.55 

6.55 

6.55 

6.55 

6.55 

6.55 

6.55 

6.55 

6.55 

6.55 

6.55 

6.55 

36.0 

26.6 

21.6 

18.0 

15.5 

13.3 

11.2 

9.25 

8.41 

6.96 

6.42 

5.56 

5.10 

4.45 

4.20 

3.91 

3.37 

5.50 

4.06 

3.30 

2.75 

2.37 

2.03 

1.71 

1.41 

1.28 
1.06 

0.980 

0.849 

0.779 

0.679 

0.641 

0.597 

0.514 
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Table 10. D a t e  f o r  1100 Aluminum 

Counting 
ETf ective X-Ray X-Ray Copper Rate I Counting Rate IO 
Energy Control Control F i l t ra t ion  WIth Sample Without Sample 
(kev 1 (WCP 1 (4 (rn1n-l) (min-I ) 

40 
45 
50 
55 
60 
65 
70 
7 5  
80 
85 
90 

95 
100 

105 
110 

115 
120 

125 
130 

58 
60 
66 
70 
77 
81 
86 

92 
96 
10 1 

105 
110 

113 

118 

131 
129 
135 

u.2 
149 

10.5 
10.5 
11.4 
12.0 
11.5 
14.0 
14.3 
u . 7  
15.6 

12.6 
9.5 
6.7 
7.9 
9.5 
10.0 

9.8 
9.5 
9.0 
6.2 

3.18 
3.43 
4.76 
6.35 
7.94 
9.52 
11.1 

12.7 
14.3 
17.5 
12.7 
14.3 
15.9 
19.0 
22.2 
25.4 
28.6 
31.8 
34.9 

21,400 
48,400 
38,100 
19,900 
32,200 
15,700 
26,400 
49,900 
61,600 
40,700 
16,500 
46,600 
60,700 
48,500 
54,100 
42,100 
47,300 
40,500 
34,200 

46,700 
95,900 
70,000 
37,100 

43,100 
51,500 

43,600 
79,500 
92,600 
63,900 
26,000 
72,800 
94,400 
74,100 
82,900 
62,200 
68,800 
58,900 
50,300 

. 
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Table 11. Additional Ihta and Attenuation Coefficients 
for 1100 Aluminum 

p Mass 
Wf ective Sample Sample enuation Att%nuation 

Thickness Density Coefficient Coefficient Energy 
(kev 1 (a) (&a3 1 (CKa'l) b 2 / g  1 

40 

45 

50 

55 
60 

65 

70 

75 

80 

85 
90 

95 

100 

105 

110 

115 

120 

125 

130 

5.33 

6.33 

6.33 

6.33 

6.33 

7.94 

7.94 

7.94 

7.94 

7.94 
9.11 

9.11 

9.11 

9.11 

9.11 

9.11 

9.11 

9.11 

9.11 

2.71 

2.71 

2.71 

2.71 

2.71 

2.71 

2.71 

2.71 

2.71 

2.71 

2.71 

2.71 

2.71 
2.71 
2.71 

2.71 

2.71 
2.71 

2.71 

1.23 

1.08 

0.962 

0.836 

0.739 

0.722 

0.628 

0.586 

0.5% 

0.568 

0.495 

0.490 

0.482 
0.466 

0.470 

0.428 

0.412 
0.410 

0.422 

0.454 

0.398 

0.355 

0.308 

0.273 

0.266 

0.232 

0.216 

0.198 

0.201 
0.183 

0.181 

0.178 
0.172 

0.173 

0.158 
0.152 

0.151 

0.156 
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Table 12. Data for 7 w t  % U-A1 

Counting 
H f e c t i v e  X-Ray X-Ray Copper Rate I Counting Rate IO 
Energy Control Control F i l t r a t i o n  With Sample Without Sample 
(W (hCP 1 (ma) (m) (min-l) (min-l) 

I -  

- 

40.0 

45.0 

50.0 

55.0 

60.0 

65.0 

70.0 

75.0 

80.0 

85.0 
87. 5 

90.0 

92.5 

95.0 

97.5 
100.0 

102.5 
105.0 

107.5 

110.0 

112.5 

115.0 

117.5 
120.0 

125.0 
. 130.0 

56 

62 

66 

70 
73 

83 

88 

94 

98 

103 
106 

110 

112 

115 

118 

122 

123 
126 
I31 

134 
I37 

l40 

143 

149 

153 

I56 

10.0 

10.0 

5.0 

5.0 
10.0 

12.0 

12.0 

12.5 

13.0 

12.7 

12.5 

L3.0 

12.5 

l4.0 

11.5 
10.0 

10.5 
10.0 

10.5 

10.5 

10.0 

12.0 

10.0 

11.0 

10.5 

11.0 

2.86 

3.69 

4.45 

5.52 

6.35 

9.21 

10.8 

14.0 

15.1 

17.5 
18.8 

20.6 

21.6 

23.0 

24.3 

20.3 

21.1 

22.2 
25.4 

27.0 

28.6 

30.2 

31.8 

33.3 

34.9 

36.5 

41,200 

49,300 

58 , 200 

58,400 
67,600 

64,400 

64 , 800 

64, 100 

60,000 

59,000 

48, 200 

62,900 

50,000 

55,300 

48,700 
59 , 900 

64, 200 
51,600 

41,300 

39, 100 

34 , 900 

31,800 

28,700 
41,300 

39,900 

43 , 600 

72,800 

80, 000 

87,600 

80,000 

92,600 

83 , 000 

80 , 300 

79 , 000 

82 , 500 

78,700 

65 , 100 
78,600 

66 , 300 

71,600 

62,000 
75 , 500 

81,000 

81t)OOO 

72, 000 

71,500 

69,900 

65, 900 

62,200 

89,300 

84, 300 

8'7 , 900 
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Table El. Additional k t a  and Attenuation Coefficients 
for  7 wt k U - ~ 1  

pm Mass 
Effective Sample Sample enuation Attenuation 

Eaergy Thickness Density Coefficient Coef'ficient 
(kev) (a) ( d o n 3  1 (Cm- l) (W2/d  

40.0 

45.0 

50.0 

55.0 

60.0 

65.0 

70.0 

75.0 

80.0 

85.0 

87. 5 
90.0 

92.5 

95.0 

97.5 
100.0 

102.5 
105.0 

107.5 
110.0 

112.5 

115.0 

117.5 

120.0 

125.0 

130.0 

- __ 

1.51  
1.51 

1.51 

1 . 5 1  

1.51 

1.51 

1.51 

1.51 

2.97 

2.97 
2.97 

2.97 

2.97 

2.97 

2.97 

2.97 
2.97 

6.51 
6.51 

6.51 

6.51 

6.51 

6.51 

6.51 

6.51 

6.51 

~ .. 

2.86 

2.86 

2.86 

2.86 

2.86 

2.86 

2.86 

2.86 

2.86 

2.86 

2.86 

2.86 
2.86 

2.86 

2.86 

2.86 
2.86 

2.86 

2.86 

2.86 

2.86 

2.86 

2.86 

2.86 

2.86 

2.86 

3.77 

3.21 

2.70 

2.08 

1.99 

1.68 

1.43 

1.39 

1.07 

0.969 

1.01 

0.811 

0.951 

0.871 

0.815, 
0.777 
0.781 

0.749 

0.842 

0.938 
1.06 

1. I 2  

1.u 
1.19 

1.32 

1.08 

1.32 

1.12 
0.944 

0.727 

0.696 

0.587 
0.496 

0.486 

0.374 
0.339 

0.353 

0 . 2 a  

0.332 

0.304 

0.284 

0.272 

0.273 

0.262 

0.294 

0.328 
0.371 

0.392 

0.399 

0.416 

0.462 

0.378 



45 

Table 14. Data for 18.6 w t  $ U-A1 

- ~- 
Counting 

Counting Rate IO X-Ray COP€= Rate I 
Energy Control Control F i l t r a t i o n  With Sample Without Sample 
(kev 1 (kCP 1 (ma 1 (m) (min-') (min-I ) 

Effective X-Ray 

40.0 

45.0 

50.0 

55.0 

60.0 

65.0 

70.0 

75.0 

80.0 

85.0 

87.5 

90.0 

92.5 

95.0 

97.5 

100.0 

102.5 

105.0 

107.5 

110.0 

112.5 

115.0 

117.5 

120.0 

125.0 

130.0 

56 

62 

66 

70 

73 

83 

88 
94 

98 

103 

106 

ll0 

112 

115 

118 

122 

123 

126 

131 

134 

337 

140 

l.43 

l.49 

153 

156 

10.0 

10.0 

5.0 

5.0 

10.0 

12.0 

12.0 

12.5 

13.0 

12.7 

12.5 

13.0 

12.5 

l.4. 0 
11.5 

10.0 

10.5 

10.0 

10.5 

10.5 

10.0 

12.0 

10.0 

11.0 

10.5 

11.0 

2.86 

3.69 

4.45 
5.52 

6.35 

9.21 

10.8 

u. 0 
l5.1 

17.5 

18.8 

20.6 

21.6 

23.0 

24.3 

20.3 

21.1 

22.2 
25.4 

27.0 

28.6 

30.2 

31.8 

33.3 

34.9 

36.5 

35,300 

44,600 

57,200 

61,600 

67 , 400 
60,500 

64,100 

63,800 

37 , 700 
33,300 

36,100 

39,700 

36,800 

42,500 

38,100 

49,800 

51,600 

36,000 

26,600 

22,300 

17 , 200 
14 , 600 
11,000 

15,800 

15,500 

17,700 

71,000 

79,200 

90,100 

90,300 

96,900 

78,800 

80, 000 

80, loo 

80,600 

66,100 

67 , 800 
70,000 

64,000 

72,100 

64 , 900 
78,500 

80,600 

86,700 

72,100 

72,300 

70,000 

67,900 

62,600 

89,100 

85,100 

89 , 700 
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Table E. iPdditional Data and Attenuation Coefficients 
for 18.6 w t  4 U-A1 

40.0 

45.0 

50.0 

55.0 

60.0 

65.0 

70.0 

75.0 

80.0 

85.0 

87.5 
90.0 

92.5 

95.0 

97.5 
100.0 

102.5 

105.0 

107.5 

110.0 

UZ. 5 
115.0 

ll7.5 

120.0 
125.0 

no. 0 

0.754 
0.754 

0.754 

0.754 

0.754 

0.754 

0.754 

0.754 

3.05 

3.05 

3.05 

3.05 

3.05 

3.05 

3.05 
3.05 

3.05 

6.53 

6.53 

6.53 

6.53 

6.53 

6.53 

6.53 

6.53 

6.53 

3.16 

3.16 

3.16 

3.16 

3.16 

3.16 

3.16 

3.16 

3.18 

3.18 

3.18 

3.18 

3.18 

3.18 

3.18 

3.18 

3.18 

3.17 
3.17 

3.17 

3.17 

3.17 

3.17 

3.17 

3.17 

3.17 

9.27 

7.60 

6.02 

5.06 

4.80 
3.50 

3.04 

2.99 

2.47 

2.25 

2.07 
1.87 

1.81 

1.74 
1.75 

1.49 

1.46 

1.35 

1.53 

1.80 

2. I5 
2.35 

2.65 

2.65 

2.61 

1.85 

2.93 

2.40 

1.90 

1.60 

1.52 

1.11 

0.962 

0.946 

0.777 
0.708 

0.651 

0.588 

0.569 

0.547 
0.550 
0.468 

0.459 

0.426 
0.483 

0.568 

0.678 

0.741 
0.836 

0.836 

0.823 
0.586 
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Table 16. Data for 24.8 w t  $6 U-A1 

ETf ective X-Ray X-Ray Copper 
Energy Control Control F i l t r a t ion  
(kev) (*CP) (ma 1 (a) 

Counting 
Rate I Cmnting Rate Io 

(rnin-l) (min-l ) 
With Sample Wthout Sample 

i .  

40.0 

45.0 

50.0 

55.0 

60.0 

65.0 

70.0 

75.0 

80.0 

85.0 

87.5 

90.0 

92.5 

95.0 

97.5 

100.0 

102.5 

105.0 

107.5 

110.0 

112.5 
1s. 0 

117.5 

120.0 

125.0 

130.0 

56 

62 
66 

70 

73 

83 

88 
94 

98 

103 

106 

110 

112 

115 
118 

122 

123 

126 

131 

134 

137 

Ut0 

l.43 

149 

153 

156 

10.0 

10.0 

5.0 

5.0 

10.0 

12.0 
12.0 

12.5 

13.0 

12.7 

12.5 

13.0 

12.5 

14.0 

11.5 

10.0 

10.5 

10.0 

10.5 

10.5 

10.0 

12.0 

10.0 

11.0 

10.5 

11.0 

2.86 

3.69 

4.45 
5.52 

6.35 

9.21 

10.8 

14.0 

15.1 

17.5 

18.8 
20.6 

21.6 

23.0 

24.3 
20.3 

21.1 

22.2 
25.4 

27.0 

28.6 

30.2 

31.8 

33.3 

34.9 

36.5 

37,200 

50,000 

58 , 000 
61,800 

67,800 

62,800 

63 , 000 
65,600 

29,900 

28,500 

29,800 

33,400 

35,500 

36.100 

34,800 

43,700 

46 , 700 
27 , 200 
20, 000 

12,000 

16,300 

9,370 

6 ,  040 

8,240 

8,200 

10,000 

71,900 

83 , 200 
89,000 

89,700 

80,000 

92,000 

77 , 300 
77,700 

79,300 

67 , 900 
66,400 

70,000 

71,700 

70,000 

65,000 

77 , 800 
81,100 

71,800 

85,200 

72,100 

69,500 

66 , 200 
60,400 

m,ooo 

89,000 

85,300 
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Table 17. Additional Data and Attenuation Coefficients 
for 24.8 w t  5 U-A1 

Pm Mass 

(kev) (m) (g/c m3 1 ( cm- ) ( d g )  

EPf ect ive Sample Sample e n m t  i on Attenuation 
b e r g y  Thi cknes s Density Coefficient Coefficient 

40.0 

45.0 
50.0 

55.0 

60.0 

65.0 
70.0 

75.0 
86.0 

85.0 

87.5 

90.0 

92.5 

95.0 

97.5 
100.0 

102.5 

105.0 
107.5 
110.0 

112.5 

115.0 

117.5 

120.0 

125.0 
130.0 

0.508 
0.508 

0.508 

0.508 

0.508 

0.508 

0.508 

0.508 

3.04 

3.04 

3.04 

3.04 
3.04 

3.04 

3.04 
3.04 

3.  @4 
6.52 
6.52 
6.52 

6.52 

6.52 

6.52 

6.52 

6.52 

6.52 

3.34 
3.34 

3.34 

3.34 
3.34 

3.34 

3.34 

3.34 
3.36 

3.36 

3.36 

3.36 

3.36 

3.36 

3.36 
3.36 
3.36 

3.36 
3.36 
3.36 

3.36 

3.36 

3.36 

3.36 

3.36 

3.36 

12.9 
10.0 

8.42 

7.33 

6.01 

4.76 

4.02 

3.34 
3.21 

2.86 

2.63 

2.44 

2.47 

2.18 

2.05 
1.90 

1.81 

1.75 
1.96 

2.28 

2.70 

2.99 

3,53 

3.67 

3.53 

3.36 

3.86 

2.99 

2.52 

2.19 

1.80 

1.42 

1.20 

1.00 

0.955 

0.851 
0.783 

0.726 

0.735 

0.649 

0.610 

0.565 
0.539 

0.521 
0.583 
0.679 

0.804 

0.890 

1.05 

1.09 

1.05 
1.00 
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