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D E C L A S S I F I E D  

A NUCLEAR PLATE CAMERA FOR FAST NBJTRON SPECTROSCOPY 
AT THE BULK SHIELDING FACILITY 

J. L o  Meem 
E, B, Johnson 

Introduction 

An in tens ive  progr 1 of instrument development i s  underway a t  the 
Bulk Shielding F a c i l i t y R )  f o r  the  purpose of r ea l i z ing  instruments which 
w i l l  measure the  e f f e c t  of shielding materials on the neutron and gamma 
ray spectra  from a reactor ,  The development of a proton r e c o i l  counter 

r o r t s  on t h i s  instrument are ava i  
U'55 f i s s i o n  spectrum has been made 

t o  be used as a Fast  Neutron completion. Preliminary 
and a rough check on the  

The pr inc ip le  of operation of t h i s  instrument i s  t o  have fas t  neutrons 
s t r i k e  an hydrogenous rad ia tor ,  e j ec t ing  r e c o i l  protons which are detected 
by a counter, Since photographic emulsions are a l s o  sens i t ive  t o  such re- 
c o i l  protons, it was decided t o  build a nuclear p l a t e  camera t o  be used as 
a fast  neutron spectrometer i n  the  same way as the  proton r e c o i l  counter. 
A camera which i s  much more complicated but which incorpor t s the  same 

advantage of nuclear p l a t e s  i s  t h a t  a l l  of the fundamental constants are 
avai lable  f o r  ca lcu la t ing  the fas t  neutron spectrum, once the  length of 
t h e  proton t racks  i n  the  emulsion has been measured, No ca l ib ra t ion  of 
a nuclear p l a t e  camera i s  necessary, 
one f o r  shielding work) i s  the  length of tirne required f o r  microscopic 
examination of the  p la tes .  
nuclear p la te  camera o n l y  as a means of checking and ca l ibra t ing  the pro- 
ton  r e c o i l  counter, 
instrument. 

p r inc ip les  of operation has been constructed a t  Los Alamos a57 , The main 

The chief disadvantage (and a ser ious  

A t  t h i s  f a c i l i t y  it i s  planned t o  use t h e  

A l l  shielding da ta  w i l l  then be taken with t h e  l a t t e r  

(1) Breazeale, W, M,, "The New Bulk Shielding F a c i l i t y  a t  ORMLrt, OWL-991, 
May 8, 1951. 

(2) Gossick, B. R, and Henry, K, W,, Weutron Energy Spectrometertt, 
ORNL-'/U, June 12, 195O0 

(3) bcken tha le r ,  F, J, and Henry, K. W., 'INeutron Energy Spectrometerrt, 
SERM-91, January 24, 1951. 

(4) Muckenthaler, F. J, and Henry, K. Me, "Neutron Energy SpectrometeP", 

(5) Allred, Rosen, Tallmadge, and Williams, tlNuclear Multiple P la te  Camera1*9 
Review of Sc ien t i f i c  Instruments 229 191 (1951) 

C.F*#51-7-25, July 16, 1951. 
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T h i s  report  descr ibes  the  nuclear p la te  camera an3 t h e  r e s u l t s  of a 
rough check on the  V235 f i s s i o n  spectrum which establ ished the  f e a s i b i l i t y  
of the method. 

Apparatus 

Figure 1 i s  a sketch of t h e  camera giving the per t inent  dimensions. 
The neutrons e n t e r  through a coll imator and s t r i k e  an hydrogenous radiator ,  
e j ec t ing  r e c o i l  protons. A nuclear p la te  i s  placed so  as t o  i n t e rcep t  
protons which a re  ejected a t  an angle of 10' t o  the  incident  neutron beam. 
A proton produces a t r ack  i n  t h e  nuclear p la te ,  t he  t rack  length being 
proportional t o  the  energy of the proton. 
ton, t h e  energy of  the neutron which struck it can be calculated.  

Knowing the  energy of the  pro- 

For determining background, a second p la te  i s  placed on the  opposite 

Hence the  only t r acks  observed i n  this 
s ide  of t h e  camera and a platinum absorber placed so  as t o  in te rcept  t he  
r e c o i l  protons from t h e  radiator .  
p l a t e  a r e  produced by background events.  
p l a t e  are exposed a t  t h e  same time. 

Both t h e  background and t h e  da t a  

I n  general, t h e  coll imator i s  an aluminum tube of one inch ins ide  
diameter and two f e e t  long, 
water, there  i s  e s s e n t i a l l y  a hole of these dimensions i n  t h e  water f o r  
coll imating the  neutrons from t h e  source, 
coll imator i s  provided which i s  conical  i n  shape as shown i n  Figure 1. 
T h i s  coll imator i s  a l s o  two f e e t  i n  length but i s  2-3/4 in .  i n s ide  diameter 
toward the  source and one inch ins ide  diameter next t o  the radiator .  With 
this collimator, a l a r g e r  a rea  of the source i s  subtended and a l a r g e r  
r ad ia to r  could be used. The ac tua l  coll imation of t he  neutrons is not as 
g o d ,  of courseb as with the  one inch diameter tube,  

When the e n t i r e  assembly i s  placed under 

For weak sources, an a l t e rna te  

Inside the camera toward the  source i s  a 3-3/4 i n .  platinum l i n e r  

When using tihe conical  
with a one centimeter diameter hole over the  rad ia tor .  This hole i n  the 
platinum defines  t h e  diameter of the rad ia tor ,  
collimator, a platinum l i n e r  with a two centimeter diameter hole i s  used. 

Three thicknesses of rad ia tor  a r e  prmided,  These are  0,7229, 5.35, 
and 12.95 milligrams per  square centimeter, 
polyethelene, which has the same composition as paraff in ,  (CH2)ne 

Figure 2 i s  a photograph of t h e  disassembled instrument, and Figure 
3 shows the  assembled c a e r a  G t h  the conical coll imator,  I n  t h i s  
experiment, I l f o r d  nuclear p l a t e s  with 50 micron thick type C-2 emulsion 
were used because the  range-energy r e l a t ions  f o r  t h i s  emulsion a re  well 
known. 

The radiators are made of 

A l l  handling of t h e  undeveloped p l a t e s  was done i n  t o t a l  darkness, 
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When the  p l a t e s  had been loaded i n  the camera, the  camera was  evacuated 
t o  approximately 3 m, of mercury absolute,  pumped a t  t h i s  pressure f o r  
about 10 minutes, then sealed., 
m, mercury absolute within a shor t  t i m e .  A t  pressures less  than t h i s ,  
the  emulsion would have been dehydrated excessively, 

The pressure generally rose t o  about 6 

After  exposure, the  plat,es were processed by the following method, 
w i t h  all solut ions a t  18OC. 

I, 
11, Wash 
111. 
IV. Wash 
V. 

VI, 

20 minutes i n  d i l u t e  (2:l) D-l9 developer with ag i t a t ion  

10 minutes i n  2% acetic acid with a g i t a t i o n  

60 minutes i n  fixer with some ag i t a t ion  
Wash i n  running wdter overnight 

The p l a t e s  were read with a Lei tz  Ortholux binocular microscope 

One of t h e  eyepieces was  equipped w i t h  a d i s c  on which a 
using Periplanat ic  12X eyepieces and an apocromatic gOX o i l  immersion 
objective.  
square l a t t i c e  f ive  squares on a s ide  had been ruled,  
l a t t i c e  was a 20' angle having a bisect ing l i n e .  
d i s c  against  a stage micrometer made it possible t o  record the t rack 
lengths i n  terms of scale d iv is ions  of the eyepiece d i s c ,  

Inscribed i n  t h i s  
Calibration of t h i s  

Because of the exposure geometry, t h e  scanning of the p l a t e s  was 
r e l a t i v e l y  simple. 
the rad ia tor  proceeds i n t o  the  undeveloped emulsion of the  nuclear p l a t e  
a t  an angle of loo (on the  average) t o  t h e  surface of the emulsion, 
Upon development these emulsions shrink t o  about one half thickness. 
Accordingly an observed t rack  should appear t o  proceed a t  an angle of 5O 
t o  t he  surface i n  t h e  developed emulsion. Acceptable t racks  were defined 
as those or iginat ing i n  the upper surface of t h e  emulsion and contained 
within a rectangular pyramid having a half-angle of 10" about t h e  forward 
d i r ec t ion  i n  the wideveloped eniulsion, A t rack  having i t s  or ig in  else-  
where i n  the  eniulsion could not have been caused by a proton from the  
rad ia tor .  
not ionize s i l v e r  atoms r igh t  a t  t he  upper surface of the emulsion, 
long t racks  which apparently had t h e i r  o r ig in  within 4 microns of the 
upper surface were accepted, 
appear t o  leave the  bottom of the  emulsion. 
the  angular limits of 5 10° - e r e  set  by the  bisected 20° angle on the 
eyepiece d i sc ,  
t h e  developed emulsion was determined by means of the depth of focus of 
t he  microscope. 
proximately one iid.cron, a t rack  acceptabla with respect t o  d ip  angle had 
t o  be i n  focus f o r  a t  least 11 microns of i t s  length ,  
protons a re  of ten scat tered as they t r a v e l  through the  emulsion, it i s  

A s  can be seen from Figure 1, a proton ejected from 

However, since it i s  possible t h a t  high energy protons w i l l  

I n  no case d id  a t rack  on these p l a t e s  
In  the  plane of the ernill-sion, 

I n  pract ice ,  t he  azimuthal o r  d i p  angle l i m i t  of 5' i n t o  

Since the depth of focus f o r  this microscope was ap- 

Because high energy 
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qui te  l i k e l y  t h a t  these c r i t e r i a  of angular l i m i t s  w i l l  be s a t i s f i e d  only  
a t  the or ig in  of t he  t rack.  
the  azinuthal  o r  d ip  angle was not estimated. 
i n  proton energy due t o  the  radicitor, t h i s  included o n l y  t h a t  group of 
t racks  of average energy about 1.5 Lev, 
shor te r  than about 5 xLcrons were not iaeasured. To avoid duplication, 
t he  p l a t e s  were scanned i n  a s e r i e s  of t raverses  op,e f i e l d  of view wide 
(approximately 75 nicrons) and 5 centimeters long a t  i n t e r v a l s  of 0.2 
nlillimeters. All t raverses  were uiade near the  center  and well away from 
the  ends of t h e  p1c;tds. Corisecutive f i e l d s  of view were read i n  each 
t raverse .  The same t o t a l  area was s c a n e d  on both the da t a  and background 
p la t e s  , 

I n  the  case of  t racks  shor te r  than 11 riucrons, 
Because of the  cor rec t ion  

I n  t h i s  experiment, t racks  

Procedure 

A s  has been s ta ted ,  when taking da ta  on shielding materials, it is 
However, f o r  expected t h a t  t he  one inch coll imating tube will be used. 

t he  experiment described herein,  t h e  conical  c o l l i - a t o r  was used because 
of t he  weakness of the source. 
water tank above the thermal colwnn on top of the  X-10 p i l e ,  
100 grams of U235 divided i n t o  nine slugs were placed i n  the -center of 
the  thermal column as a neutron source. The l a r g e  end of t h e  coll imator 
was placed against  these s lugs with the whole assembly under water. The 
time of exposure was 88 hours, The r ad ia to r  used i n  t h i s  experiment was 
5.35 milligrams per  square centimeter th ick  and 2.5 centimeters i n  
diameter. The data  p l a t e  ims nuiiber 51 ctnc! i s  referred t o  as such here- 
a f t e r ,  The microscopic da t a  are on f i l e  i n  da t a  book nuaber A-96 a t  t h e  
Bulk Shielding Fac i l i t y .  

The eqe r imen t  wils car r ied  out i n  the 
Approximately 

Calculations and Results 

Assue a neutron of energy s t r i k e s  the rad ia tor ,  knocking out a 
proton of energy E p  a t  an angle of 10' t o  the  incident  bean, Then 

Ep COS2 8 where 8 = loo 

Values f o r  E, a d  the correspondir values f o r  

a proton must travel through one half  the  thickness of t h e  r ed ia to r  or 
2.68 mi l l i g ram per  square centimeter before readling the i n t e r i o r  of the 

a re  tabulated i n  
Table I, as are  t h e  ranges i n  paraffin(g) of t he  ns. C n  the average, 

( 6 )  Hirschfel.der and Imlagee, Phys, &. 73, 207 (194.8) 
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camera, 
energies 

taken as the  probable e r ror ,  Also tabulated a 

The residual  range i n  paraf f in  and the corresponding proton 

i s  the  possible e r r o r  i n  energy of the  proton ard 2/3 of t h i s  is 
are a l s o  given i n  Table I. The difference between % ard 

the  ranges of protons 
of energy Ep' i n  the  nuclear p l a t e  emulsion, (7T 

J 

I n  Table I1 are l i s t e d  the r e s u l t s  of scanning p la te  51 and the 
corresponding background p la t e ,  The a rea  scanned was 0,2695 c d ,  having 
537 acceptable tracks.  For the  same area of t he  background p l a t e  there  
were 119 t racks,  leaving a net  of 418 tracks.  
t o  read many more t r acks  than t h i s ,  but s ince t h e  work i s  very t i m e  con- 
suming ard the  object of t h i s  experiment was only t o  prove f e a s i b i l i t y ,  
no more time w s  spent on scanning t h i s  p la te .  

I n  general it i s  advisable 

Having determined the  number of t racks  caused by neutrons of various 
energies,  t he  number of neutrons per  square centimeter pe r  second a t  each 
energy i n t e r v a l  which struck the  r ad ia to r  can now be calculated. 

L e t  P ( q )  = t he  number of protons ejected by neutrons of energy E, 
which Were observed. The p l a t e  area scanned which gave t h i s  number of 
t racks  was 50 mm. long and 0.539 mm, wide. Referring t o  Figure 1, it 
can be seen that  the path of a proton t rave l ing  from the  center  of the 
r ad ia to r  t o  t h e  center  of the p l a t e  will subtend an angle of loo with 
the  d i rec t ion  of the  incident  neutron beam. 
of t he  r ad ia to r  t o  the  near and f a r  edges of the  scanned area subtend 
angles of U034t and 8'491 with the  d i r ec t ion  of the incident  bean. 
Since the rad ius  from t h e  center l ine o f  the  camera t o  the  midpoint of t h e  
surface of t he  p la te  was 3,2 cm., t he  a r e a  of a r i g h t  cy l ind r i ca l  surface 
described by ro ta t ion  of t h  
center l ine  was 20,07 x 5 cm . The r a t i o  of scanned area t o  the  t o t a l  

o,0539 = 2,686 x 10-3, and the  number area of this cy l ind r i ca l  surface was 

of protons ejected from the  r ad ia to r  t o  t h i s  t o t a l  area was 

Proton paths from t he  center  

scanned area  of the p l a t e  about t h e  camera 5 
20.07 

The f r a c t i o n  of the t o t a l  possible sca t t e r ing  angles i n  the  center  of 
mass system ly ing  between S049' and 11°34f is  

Sy:"'. cos p 
= 1.675 x 

where the  angle 9 i s  taken in t he  center  of mass system and i s  twice the  
corresponding angle i n  the laboratory system. 

(7) Lattes ,  C. 14, G,, Fowler, P. H., and Cuer, Po, Nature 12, 301 
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Therefore t h e  t o t a l  number of protons of energy corresponding t o  
e jected from the  rad ia tor  was 

2 The area of the r ad ia to r  was 3.14 cm (r = 1 cm,) and the thickness 
was 5.35 
t h e  volume of t he  r ad ia to r  i n  cubic centimeters was 

L e t  D be the  dens i ty  of the rad ia tor  5x1 grams/cd. Then 

3.14 x 5.35 x 10-3 - 1.68 x 
D ca - D 

Since the time of exposure was @8 hours (3.168 x lo5 sec.), the  
number of protons per  cubic centimeter per  second of a ce r t a in  energy 
e jec ted  from the r ad ia to r  was 

2.223 x lo4 P(%) 
= 4,177 D P(%) protons/cld/sec. 

loa x 3e16S x 105 D 

If nv(&) i s  the number of fas t  neutrons per  square centimeter pe r  
second of energy E, s t r i k i n g  the r ad ia to r  and 
section, then 

i s  the  macroscopic cross  

nv(%) = 40177 D P(%). 

But z = N b(q) 

Since the chemical formula f o r  polyethelene i s  (CH2)n, there  are 

where N i s  the number of hydrogen atoms pe r  CR? and 
E(%) i s  the microscopic c ross  section. 

x 6,03 x 1023 hydrogen atoms/gram ur. 
and i f  there  are D grams per  cm3$ then 

N = 0,861 x x D atoms/cm?. 

nv(%) x 0,861 x 1023 x D x C(E,) = 4.177 D P (%) 

Since a constant energy i n t e r v a l  of 0,2 Hev was used throughout, 
multiplying nv(E,) by 5 gives the  number of fast neutrons per  square 
centimeter per  second per  I'.lev. 
p lo t ted  i n  Figure f+* 

These a re  l i s t e d  i n  Table I11 and 
The e r ro r s  i n  energy result from the rad ia tor  
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thickness a s  shown i n  Table I. 
s t a t i s t i c a l  e r r o r s  given i n  Table 11. 

The e r r o r s  i n  n v ( h )  per MeV a r e  the  

The proton r e c o i l  counter has been used previously(4) t o  measure the 
spectrum of tb same source used here. The r ad ia to r  of the counter was 
placed only a few centimeters from the source while the r ad ia to r  f o r  t he  
camera was two f e e t  away. Regardless, it was expected t h a t  the shape of 
the spectrum should be the  same i n  e i t h e r  case. 
Figure 4 was drawn with the slope determined wi th  t he  proton r e c o i l  
counter.. 
were qu i t e  rough. 

The s t r a i g h t  l i n e  i n  

The agreement i s  excel lent  considering that both masurements 
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- 
En 

MeV. 

1.0 
1.2 
l e 4  
l e 6  
1,8 
2 e o  
2 02 
2 04 
2.6 
2.8 
3 80 
3.2 
3 04 
3.6 
3.8 

4.2 
4.4 
4.6 
4.8 

5.2 

5.6 
5.8 
6.0 

400 

500 

504 

MeV. 

0.97 
1.16 
1.36 
1.55 
1.75 
1.94 
2.13 
2 033 
2e52 
2.72 
2.91 
3 .lo 
3.30 
3 e49 
3.69 
3.88 
4.07 
4.27 
4. &6 
4.66 
4085 
5.04 
5.24 
5.43 
5.63 
5,82 

7 = COS e % 
= 0.970 E n 

TABLE I 
2 Correction f o r  5.35 mg/cm Radiator 

Range 
i n  

Par raf in  

wJ/cm2 

3-35  
2.53 
3.26 
4.07 
4096 
6.00 
7.00 
8.20 
9030 

10.65 
12.00 
13 041 
14.95 
16.55 
18.30 
20 eo0 
21 . 70 
23 0 50 
25.35 
27 50 
29 o 1 ~ 5  
32 .OO 
34000 
36 030 
38,60 
u .00  

I 
&P Corm c ted  
f o r  

Radiator 

MeV, 

-- - 
0.460 
0.815 
1 .lo4 
10375 
1.605 
1 . 860 
2 .O6 
2030 
2052 
2 073 
209k 
3.16 
3.38 
3.58 
3.78 
3098 
4.18 
k o a  
4.58 
40 83 
4098 
5020 
5.40 
5.62 
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TABLE I1 

.- 

Net Number of Proton Tracks as a Function of Energy 

Foreground Background Net Tracks S t a t i s t i c a l  
Neutron 
Ene rgy 

E, 

1.5 

10 7 

1.9 

2.1 

203 

20 5 

2.7 

20 9 

3.1 

3.3 

3.5 

3.7 

3.9 

4.1 

4.3 

4. 5 

4.7 

4.9 

5.1 

5.3 

5.5 

5.7 

5.9 

Total  

Tracks 

P l a t e  5 1  
(F) 

137 

104 

66 

44 

34 

31 

30 

23 

16 

13 

16 

4 

3 

5 

5 

2 

1 

0 

1 

1 

0 

1 

0 - 
537 

Tracks 

Bgrd. P l a t e  
(B) 

47 

16 

I2 

16 

3 

8 

3 

6 

1 

1 

2 

0 

2 

0 

1 

0 

1 

0 

0 

0 

0 

0 

0 

119 

- 

(F  - B) 
p (E,) 

90 

88 

54 

28 

31 

23 

27 

17 

1 5  

12 

u, 

4 

1 

5 

4 

2 

0 

0 

1 

1 

0 

1 

0 

418 

- 

Error  

V F + B  
F - B  

% 

15.1 

12 04 

16.4 

2707 

19.6 

27.2 

21.3 

31.7 

27.5 

31.2 

30.3 

50.0 

224, 0 

61.2 

70.5 

-- 
100 

100 

100 

-- 

I 
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TABLE I11 

Fast  Neutron Spectrum as a Function of Energy 

Number 
of 

Protons 

T 
90 

88 

54 

28 

31 

23 
27 
17 
15  
12 

14 
k 
1 

5 
4 

2 

0 

0 

L 

1 

0 

3 

0 

Hydrogen 
Cross 

Section 

Barns 

3.50 

3.30 

b(q 

3.10 

2090 

2.75 
2.60 
2.50 

2035 
2.25 
2.15 
2,05 
1.95 
1085 
1.80 

1075 

1.65 

1.60 

le50 

1.45 

1.40 

1.35 

1 .30 

1.25 

Neutron Flux 
per Mev 

nv(q-J 

Per  MeV 

6.25 x Id 
6,45 x Id 
4.22 x Id 
2.34 x Id 
2.73 x Id 
2,14 x Id 
2.62 x Id 
1075 X I d  

1.62 x Id 
1.35 x Id 
1.65 x ld 
be97 x 102 

1.31 x lo2 
6,75 x lo2 
5.55 x 1Q2 

2.93 x 102 

- - -  
- - -  

1.67 x lo2 
1.73 x LO2 

I--  

1.86 x 102 

- - -  

20.80 x Id 
20.69 x Id 
20.65 x Id 

20.54 x Id 
+0.58 x Id 
f0.56 x I d  

20.55 x Id 

- 

1.0.45 x Id 
b0.42 x Id 
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