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A machine has been constructed which meets many of the  
needs for scanning of nuclear emulsions as emulsions are 
used in charged particle nuclear spectroscopy. Methods 
developed for track detection are reviewed briefly. In more 

detail an account is given of the performance of the machine 
in scanning plates exposed at  the Michigan 42" cyclotron 
over a seven months period. Finally, some special tech- 
niques which may have other applications are described. 

1. Requirements for a Scanner to be used in 
Charged Particle Nuclear Spectroscopy 

In typical experiments in charged-particle 
nuclear spectroscopy a well collimated, mono- 
energetic beam of protons, deuterons, or alpha 
particles fails on a thin target and reaction 
particles at arbitrary angle relative to the 
incident beam are analyzed in momentum by a 
high-resolution magnet. Usually several hundred 
momentum channels are available at the image 
plane of the magnet and nuclear emulsions have 
often been used 1, 2) to record in all these channels 
simultaneously. 

The particular geometry at the image plane 
o~ the Michigan analyzer magnet is shown in 

~,~_ 45 ° . . . / f f  :o 

Fig. 1. The geometry at the image plane of the Michigan 
analyzer magnet.  

fig. 1. The useful region of image plane extends 
from x =  + 100 to x = - - 1 2 0 m m  (in the 
coordinate system of the figure) and corresponds 

t This work was supported by the  Michigan Memorial 
Phoenix Project and bytJae U.S.Atomic Energy Commission. 

to an energy variation equal to 15% of the 
central energy. The overall system resolution is 
about 20 keV for (d,p) reactions and is limited 
primarily by a 15 keV spread in energy of the 
7.8keV deuteron beam on target. With this 
resolution, a 10 MeV proton group will have a 
width Ax ~ 4-5 mm at the emulsion. 

With this background, we can give a reason- 
able set of requirements for an emulsion scanner 
used to read plates exposed at the magnet 
image plane: 

1.1. TRACK DETECTION EFFICIENCY 

A scanner need not have high absolute 
efficiency and probably any efficiency greater 
than about one-half would be quite satisfactory. 
However, the efficiency should be reproducible 
and constant for all emulsions used in a given 
experiment. Probably a fluctuation of 5% in 
efficiency would be tolerable for all nuclear 
structure experiments because of uncertainties 
in nuclear reaction theory. 

1.2. SPURIOUS COUNTING 

In exposures at the cyclotron for high energy 
proton groups (corresponding to low excitation 
of the residual nucleus) even long exposures will 
still yield regions on the emulsion where no 

t) Buechner, Browne, Enge, Mazari and Buntschuh, 
Phys. Rev. 96 (1954) 609. 

~) Bach, Childs, Hoclmey, Hough and Parkinson, Rev. 
Sci. Instr. 27 (1956) 516. 
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t racks at  all are found. This  observat ion  leads 
to the  difficult conclusion t h a t  a scanner  should 
introduce no spurious counts. More realistically, 
10-20 t racks  are cer ta inly  required to establish 
the  presence of a p ro ton  group and  therefore  a 
spurious count  of 3-4  over a 4-5  m m  width  of 
emulsion is p robably  satisfactory.  

1.3. SCANNING SPEED 

I t  has  proved possible at  t he  Michigan 
cyclotron to expose five to ten  t" × 10" nuclear  
emulsions per  day for a n u m b e r  of days. Since 
an  accelerator  will normal ly  be used for o ther  
experiments ,  th is  is p robab ly  an  upper  l imit  to  
the  product ion  ra te  for a single magnet  image 
plane. On the  o ther  hand,  a mul t igap magne t  3) 

will increase th is  ra te  by  an  order of magni tude.  
I t  appears  t h e n  t h a t  a scanner  should be able 
to read 25-100 1" × 10" nuclear  emulsions per  
day  under  the  r a the r  extreme demands  placed 
on it  b y  a mul t i -gap magne t  instal lat ion.  

2. Track Detection Methods 

Detai ls  of electronic and  optical  methods  
developed to detect  slow pro ton  t racks are 
given elsewhere4). Here we only want  to review 
the  logic of the  scheme so as to make clear the 
reasons for the  performance character is t ics  
l isted in the  next  section. 

3) W. W. /3uechner, pr ivate  communication.  
4) Hough,  Koenig and Williams, Electronics (McGraw- 

Hill, March 27, 1959). 

Fig. 2. The scanner microscope, showing the motor  driven stage. 
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Fig.  3. A typica l  emulsion scene pho tographed  from a te levis ion receiver wired to the  Image  Orthicon Television 
Camera. For an explana t ion  of the whi te  marks  beside the  t racks  and a t  the bo t tom of the  field see section 2, §§ 3 and 4. 

2 . l .  P A T T E R N  OF S E A R C H  OVER T H E  E~IULSION 

A motor  dr iven stage (fig. 2) moves  the  
l " ×  10" emulsion under  a microscope in a 
series of t raverses  of the  shor t  dimension,  each 
t raverse  followed by  an advance  of the  plate.  
During a t raverse  the  stage moves  continuously,  
bu t  by  means of a pulsed l ight  source 140 
separate  fields of view are presented to a 
television camera  and  associated computer  for 
analysis.  Each  held of view is 0.12 m m  × 0.18 
m m ;  corresponding points  in successive fields are 
separated by  0.15 m m ;  and  successive t raverses  
are separa ted  by  0.25 ram. Normal ly  the  t rack  
count  for four t raverses  is recorded as a single 
d a t u m  and so points  are avai lable  for each m m  
along the  emulsion. However,  because of the  
gaps be tween fields and  be tween  traverses,  each 
point  corresponds to a search area only 0.56 m m  

wide (extending across the  plate).  The emulsion 
is examined a t  only one depth,  midway be tween  
top and b o t t o m  of emulsion, so scanning is 
effective only for t racks  which penet ra te  the  
emulsion completely. 

2.2. T H E  D E T E C T I O N  OF E;~iULSION GRAINS,  

E S P E C I A L L Y  T H E  G R A I N S  M A K I N G  U P  T R A C K S  

A s t anda rd  Leitz 22x oil immersion object ive 
and  10x eyepiece are used to project  an image 
of the  emulsion scene onto an Image Orthicon 
television camera  tube. Fig. 3 shows a typical  
emulsion scene photographed  from a television 
receiver wired to the  camera. (The white  dots  to  
the  r ight  of the  t racks  are explained in pa ragraph  
3 below, and  the  whi te  splashes at  the  b o t t o m  
in pa ragraph  4.) Two al tera t ions  have  been 
made  in the  microscope optics:  
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It  is found that the contrast is considerably 
enhanced by blocking off a band of light 
entering tile microscope condenser in a plane 
containing the tracks and the optic axis; this 
leaves two "crossfire" beams illuminating the 
emulsion. 

Also it is found helpful to introduce a cylin- 
drical lens of radius of curvature 15 cm adjacent 
to the eyepiece so that the image of each grain 
becomes a short line roughly parallel to most 
tracks. This trick tends to patch gaps in tracks 
without seriously patching together background 
grains into false tracks. 

Kodak NTB2 or Ilford G-special emulsion are 
used to provide strong tracks with tolerable 
background grain density. 

The portions of the scene detected by a 
special screening circuit are shown in fig. 4. A 
narrowness criterion is incorporated in the 
screening circuit so that any large-area opacities 
which may occur are ignored. 

2.3. THE RECOGNITION OF A TRACK BY ITS 

CONTINUITY 

Delay and coincidence units are used to 
establish the existence of a grain just one scan 

line after a previous grain. A continuous track 

will of course give the required coincidence. The 
coincidence resolving time is chosen so that 
tracks at angles up to ± 45 ° to the vertical will 
still give a coincidence. An actual counting 
operation is performed along a track by this 
(delay +coincidence) technique; in fact a 
continual testing of background grains for the 
possibility that they are linked to form tracks 
proceeds at all lateral positions in the field of 
view. An output pulse which we name "track 
segment pulse" is produced when the count 
along any track reaches !6, and for each 8 
counts thereafter. Since the number of television 
scan lines used per field is about 180, the number 
of track segment pulses for a track crossing the 
entire field is 23. A more typical number of 

Fig. 4-. The portions of the scene of fig. 3 which are detected by a special screening circuit. 
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Fig .  5. T r a c k  counts  a c c u m u l a t e d  for four  t r a v e r s e s  are  p r in t ed  on pape r  tape ,  and  also p lo t t ed  w i t h  app rop r i a t e  
er ror  ba r s  on  a cha r t  recorder .  The  s t r o n g  g roups  are p lo t t ed  w i t h  a fac tor  10 scale change.  

track segment pulses for a track is 8-10 as 
shown in a display of these pulses as as white 
dots to the right of each track in fig. 3. The 
doubling of pulses for the left t rack occurs 
because the exposure extends over  several 
television scanning periods and the count 
along the track has begun at two different 
points in the different periods. 

2.4. G E N E R A T I O N  O F  A S I N G L E  O U T P U T  P U L S E  

PER TRACK 

Owing to different quality of development  
for different tracks and to more or less favorable 
location of a track in the field, the number  of 
track segment pulses obtained per track varies 
widely. In order to obtain one count for each 
track the following technique is used: an 
oscilloscope beam is swept along a fixed line in 
synchronism with tile horizontal deflection of 
the television scanning beam. Whenever  a 

track segment pulse occurs the oscilloscope 
beam is intensified and a flash of light is produced. 
For  vertical  tracks all flashes for one track 
occur in one spot. The oscilloscope screen is 
projected back into the television camera at the  
bot tom of the field of view. The camera tube 
integrates the light from the flashes originating 
in any one spot, i.e., from One track. Finally, 
a single television scan line through the spots 
is devoted to reading out the number of spots 
and therefore the number of tracks. (The two 
spots for the two tracks of fig. 3 appear dimly 
at the bo t tom of the figure. The brightness 
distribution is distorted badly by the television 
receiver; as actually used, the spots have a 
uniform intensity over a vertical  distance equal 
to that  of the black band of the figure. The read- 
out line is centered in the black band.) I t  is 
possible to set a discriminator level on the final 
spot readout to select only tracks with more 
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t h a n  a specified n u m b e r  of t rack  segment  
pulses, usually 5 or 6. 

2.5. F I N A L  O U T P U T  

The n u m b e r  of spots detected is accumula ted  
in a scaler un t i l  four t raverses  across the  pla te  
wid th  are completed.  Then  this  n u m b e r  is 
p r in ted  on paper  tape  and  p lo t ted  on a char t  
recorder as shown in fig. 5. The error  bars  are 
ob ta ined  via a square-root  po ten t iomete r  moun-  
ted on the  shaf t  of the  char t  recorder. A recorder 
scale change from 200 t racks  to 2000 tracks full 
scale can be seen for three  intense groups in 
fig. 5. 

3. Scanner Performance 
3.l .  T R A C K  D E T E C T I O N :  A B S O L U T E  E F F I C I E N C Y  

A N D  R E P R O D U C I B I L I T Y  

On compar ing  the  scanner  wi th  a h u m a n  
observer  for a series of pro ton  groups and  a 
series ot plates,  the  scanner  count  may  be 
found anywhere  be tween 80°/0 and 120% of the  
h u m a n  count,  for equal  search areast.  The 
mach ine -human  rat io changes only slowly with 
posi t ion on the  pla te  so t ha t  peak  posit ions and 
peak  contours  are reproduced fairly accurately,  
bu t  the  failure of the  machine  to ma in t a in  
cons tan t  efficiency is a ma jo r  defect. 

i] 
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Fig.  6. Two t racks  of l e n g t h  L shown in e x t r e m e  posi t ions 
for  detect ion.  T h e  m i n i m u m  leng th  wi th in  the  field requi red  

for de tec t ion  is l. 

The difficulty has  been  t raced to the  use of 
isolated fields of view as the  search p a t t e r n  for 
the  scanner.  Referr ing to fig. 6, define w = 

width  of field of view, h = height  of field of 
view, L = length  of t rack  in good focus (as 
judged by  the  electronics), I = length of t rack  
wi th in  the  field of view required for the t rack to 
count.  Ev iden t ly  if the  upper  end of a t rack 
fails wi th in  the  area zv x [h + ( L - - l ) - - l ]  
the  t rack  will count, and  therefore the effective 
search area is increased over  the  geometrical  
area w × h by  the  factor 

h + ( L - - Z ) - - Z  
h 

The pa rame te r  1 is easily held constant ,  usually 
at  the  value 1 = ¼ h, bu t  L is subject  to faMy 
wide var ia t ion  wi th  qual i ty  of emulsion devel- 
opment  and  especially wi th  slight changes in 
the  optical  and  television systems. This var ia t ion 
in L and  the  corresponding var ia t ion  in search 
area is responsible for the  major  par t  of the  
observed var ia t ion  in machine  detect ion effi- 
ciency. 

Simply considering the  scanner  as a counter,  
th is  problem of searching in isolated fields shows 
up clearly. Because t racks  can  have any  fract ion 
of thei r  length  inside the  field of view the  pulse 
he ight  d i s t r ibu t ion  from tracks observed in a 
collection of isolated fields necessarily extends 
down to zero. Now since the  scanner  uses a 
simple level d iscr iminator  to record all t rack 
pulses above a cer ta in  a rb i t ra ry  height,  if the  
mean  pulse height  changes (i.e., t he  mean  
t rack  length  as judged by the  electronics 
changes),  the  f ract ion of pulses above a fixed 
level will in first order respond iinearly. The 
scanner,  regarded as a counter,  is a counter  
wi thou t  a plateau.  

The scanner  is still  quite useful in searching 
for new particle groups and  for identif icat ion of 
the  mass of the  ta rge t  nucleus responsible for 
new groups by  reading spectra  at  a n u m b e r  of 
react ion angles. However,  h u m a n  scanning is 
needed for absolute  counts  over the  peaks. 

Recently,  an  a l te rna te  scanner  search pa t t e rn  
of cont inuous  s t r ips  has  been provided at  a 
factor  4 reduct ion in speed. The results of two 

t A smal le r  f luc tua t ion  of  nk 5% is quoted  in reI. 4), bu t  
th is  is incorrect .  
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such machine scans are compared with a hand 
scan in fig. 7, showing a much more constant 
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Fig.  7. Pre l iminary  results  for cont inuous str ip scanning.  
Two machine scans are compared wi th  a hand scan of 

the same region. 

detection efficiency. I t  seems tha t  i t  may  be 
possible to carry out also by machine the 
absolute counting required. 

3.2. S P U R I O U S  COUNTS 

The background count introduced by the 
machine averages about one per plot ted point, 
i.e., per geometrical search area equal to 
a strip 0.56 mm wide extending across the 
1-inch dimension of the plate. Most of this 
machine background arises from neutron recoil 
tracks which are easily rejected by a human 
observer. 

At first, emulsion surface marks often irLtro- 
duced whole blocks of spurious counts. Fortun-  
ately it was found that  surface marks are 
easily removed by rubbing off the top few 
microns of processed emulsion with paper 
tissue soaked in methyl  alcohol. This cleaning 
process is now followed routinely and is neces- 
sary for low background. 

The scanner background is low enough so 
that  it is not a l imitat ion in nuclear spectroscopic 
applications. 

3.3. S H O R T - T E R M  AND T I M E - A V E R A G E D  S C A N N I N G  

R A T E S  

We have noted above that  a "poin t"  plotted 
for each mm of the analyzer magnet  image 
actually corresponds to the geometrical search 
area of a strip 0.56 mm wide. So about half the 
plate area is normally scanned. 

The scanner plots four points per minute and 
therefore reads the 220 mm useful range of an 
image plane in 55 minutes. Normal cleaning, 
recording and checking operations between 
plates occupy another  20 minutes, so that  in 
steady, trouble-free scanning plates are read at 
the rate of one every hour and 15 minutes. 

Averaged over an eight hour day it is possible 
to read five image planes (1" × 10" plates) and 
fairly easy to read four. For  the past few months 
it  has proved useful to employ undergraduate 
assistants to put Oil a second shift from 5 to 
11 P.M. in which case another three or four 
plates are normally read. In  sum, 7-9 image 
planes can be read per day, or about 1800 
plotted points. By comparison a human scanner 
will produce between I00 and 150 plotted 
points per day. 

Because of operator fatigue, the machine rate 
could probably not be maintained for months. 
I t  has not been necessary to try, because on the 
one hand large scale cyclotron exposures are 
ordinarily interspersed with exploratory runs 
or experiments with counters, and on the other, 
it has unfortunately been easy for the machine 
to saturate the three available human scanners 
with absolute counting jobs. 

3.4. PROBLEMS OF OPERATION AND 
MAINTAINANCE 

The whole system uses 635 tubes: 128 in 
locally designed and built  circuits, 154 in the 
television system, 132 in broad band amplifiers, 
103 in various other commercial units, and 118 
in power supplies. In view of this complexity, 
arrangement is made to check the performance 
of any part  of the scanner by switching in a 
synthetic signal which imitates a straight, 
vertical, continuous track. As a final integral 
check, at the beginning and end of each scanning 
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period a standard proton group is counted and 
the machine required to produce a count 
within ,2_ 10% of the COlTeCt value. 

During scanning runs, the track segment 
pulses defined in section 2, paragraph 3, are 
displayed continuously on a television screen. 
The resulting pattern changes at a 60 cps rate, 
but it is still possible to detect tracks by eye and 
for low track densities to verify the performance 
of the machine track by track. At higher track 
densities visual checking becomes impossible, 
but a gross failure of any part of the machine is 
usually obvious. 

The failure rate of the circuitry built in our 

laboratory is about the same as the failure rate 
of the television system, and for about the 
same number of tubes. Tube failure has been 
the most frequent but not the most annoying 
cause of circuit failure. More troublesome have 
been the development of bad contacts at solder 
joints and the development of high frequency 
oscillations in portions of the circuit which had 
been free of difficulty since construction, often a 
year or two earlier. The effort and especially the 
quantity of highly skilled effort which can go 
into uncovering the cause of failures has 
encouraged the development of very complete 
records of normal circuit performance, especially 

Fig.  8. A typica l  machine scan. Hand  counts over  the  peak are also shown. The la tera l  sh i f t  of hand  and machine da t a  
is due to a different convent ion in  reading the  lef t  end of the plate.  
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Fig. 9. An analysis board used to keep %rack of an investigation of the level structure of Mg 2s. For details see the text.  

a comprehensive collection of oscilloscope 
drawings. 

8.5. RESULTS OBTAINED OVER A SEVEN MONTHS 

P E R I O D  

Over the first seven mon ths  of 1959 the 
scanner read 206 1" × l0 # plates exposed at the 
cyclotron. About 30 plates were not read, 4 
because of a development failure and the rest 
because similar exposures had been read by 
machine and the existence and rough intensities 
of the various proton troups had been esta- 
blished. At the beginning of the period scanning 
requests were met with great difficulty and 
often several days would elapse while operational 
difficulties were traced down. A shift from 

Kodak NTB to Kodak NTB2 (or Ilford G- 
special) emulsion, the development of a really 
reliable focus control for the microscope, and a 
number of small engineering improvements have 
made scanning much easier so that by the end 
of the period relatively untrained personnel 
could read plates on demand within the pe r -  
formance specifications we have quoted. 

Fig. 8 shows a chart of a machine scan, with 
hand counts over several peaks also plotted. 
The lateral shift of hand and machine data is 
due to a different convention in reading the 
left end of the plate. 

Finally, as a general indication of the kind of 
work done by the scanner, we show in fig. 9 a 
photograph of part of an analysis board used to 
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keep track of an investigation of the level 
structure of Mg 25. The board is divided into 
halves, the left half devoted to proton groups of 
energy between 4 and 8 MeV, the right half to 
groups between 8 and i4 MeV. In  each half, 
channels are established for mount ing spectra 
of reaction protons observed at angles l0 °, 20 °, 
30 ° , 40 ° , 50 ° , 70 ° and 90 ° . (About twice as many 
angles are run  for an angular distribution.) In  
each channel the same energy scale is establish- 
ed: the scale is non-uniform, with a rate of 
change of energy with position at any energy 
approximately equal to tha t  of a Scanner chart 
run  at that  energy. Therefore overlapping charts 
fit together to give continuous spectra. The 
analysis board is mainly a bookkeeping aid, 
useful for planning exposures and deciding what 
work is completed. By looking at  the forward- 
angle charts the qualitative stripping angular 
distribution of a particular group is clear, and 
by inspection of the large-angle charts, the 
change in proton energy with angle is evident 
and therefore even by inspection one can make 
a close estimate of the mass of the target nucleus 
responsible for the group. The energies of the 
usual contaminant  groups from carbon, oxygen 
and hydrogen can be plotted on the board once 
for all. 

4. Some Special Techniques 
4.1. AUTOMATIC FOCUS CONTROL F O R  A 

MICROSCOPE 

In  scanner operation it is necessary to control 
the position of the microscope objective relative 
to the top surface of the emulsion to within 
~: l0 microns. This particular number  follows 
from the need to keep a focal region about 90 
microns deep entirely within a thickness of 
processed emulsion equal to 40 microns. Without  
focus control, reasonable care in leveling the 
microscope stage will reduce variations in 
objective-emulsion separation to about 50 
microns. This residual variation is of two types: 
(1) the focus changes abruptly by  15-20 microns 
according to the direction of traverse; (9) the 
focus changes slowly with lateral position due 
to a nonzero angle between the plane of the top 

surface of the emulsion and the plane of the 
stage motion. 

A very simple mechanical control reduces 
focus variations to about ~ 5 microns. In  fig. 10, 
spring A is used to load the lower part of the 
objective against the emulsion. The tungsten 
carbide ball  B is rigidly attached to the loaded 
obiective by the heavy steel piece C and con- 
t i tutes the bearing point against the emulsion. 

Fig.  10. A simple mechanical  focus control  which main ta ins  
the  plane of bes~ focus a fixed distance below the  emulsion 

surface w i th  an accuracy of about  ± 5 microns. 

The bearing point is displaced from the optic 
axis of the objective by about 4 mm, perpen- 
dicular to the plane of the paper. The screw D 
is turned with a small removable wrench to 
distort piece C by a mil or two, moving the ball  
B up or down relative to the objective and 
thereby adjusting the depth at which the focus 
is controlled. In  making the initial adjustment 
of the control the objective is lifted via the 
tungsten carbide bearing about 6 mils from its 
equilibrium position by  raising the microscope 
stage. Then a restraining cam (not shown) is 
installed to catch the objective after a drop of 
2 mils. This allows the objective to slide smoothly 
onto the emulsion again after leaving it at the 
end of scanning traverses. 

4.2. E L E C T R O N I C  CONSTRAST E ~ H A N C E M E N T  F O R  

F A S T E R  H U M A N  SCANNING 

Given a television system to look at emul- 
sions, the various types of electronic analysis 
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Fig. l l a  and b. A normal  scene wi th  two possible forms of electronic cont ras t  enhancement .  
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used in wholly automatic scanning can b e  
presented also on a television receiver for 
easier human scanning. Without going into 
detail, fig. I 1 shows a normal scene with two 
possible forms of electronic enhancement. A 
defect in some applications would be the 
discrimination likely to occur against tracks 
which are parallel to the television scan lines. 
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