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My lnter/Micro-84 presentation and subsequent article in The Micro-

scope dealt with optimizing diffraction limited depth of field in photomacrog-

raphy and is referenced by Brian Bracegirdle in his "Scientific Pho-

tomacrography. u My analysis was based upon the classical solution for

the diffraction pattern image of a point light source, using the Rayleigh

criterion of resolution. H. Lou Gibson's method of treating combined

diffraction and geometric blurring away from the object focal plane was

used.3 The calculations and the experimental results indicated that a final

print resolution, for the object focal plane, of 7 lines/mm (.29 mm Airy disk)

gives an optimum balance of depth of field and resolution. The 7 lines/mm

criterion is equivalent to an Abbe criterion of total magnification equal to

440 times the numerical aperture. The 500 times numerical aperture Abbe

criterion recommended for microscopists with very acute vision corre-

sponds to a maximum resolution of 6 lines/mm in the final image. This

resolution is not as good as our Oce 3045 office copier used to duplicate

our metallurgical reports with 4x5 Polaroid images. The Oce 3045, when

properly adjusted, resolves 8 lines/mm on standard copier paper in photo

mode.

BASIC EQUATIONS

1) The relationship between the maximum print resolution, lens f/number

setting, and magnification is as follows (assuming ^=5.5x10"'' mm):

Max. print resolution = f/number (McamEraMcnll,s.,}+M8nlar5ing) 6.7x104 (in

mm). Where the maximum print resolution is equal to one-half the final Airy

disk diameter after enlarging.

2) The relationship between the enlarged circle of confusion diameter in

the final print, C, and the geometric depth of field is given by the following

equation:

f/number (1+MCAMeFW)C

Depth of field = — ;

M ENLARGING ̂  CAMERA

3} The relationship between the numerical aperture (N.A.}, f/number, and

camera magnification (M [ameJ is given by the following equation: *

MERA)

MA. =

2 F/no. 1)

4) Lou Gibson's method is used to calculate the final image resolution at

the depth of field/limits:

(Print Resolution)' = (Max. Print Resolution)2+C!at depth of field

limits. Using equations 1-4, the following Table 1 of depth of field

and resolution is derived for full f/stop increments:

TABLE 1

Discussion of Optimum Aperture Concept
H. Lou Gibson, at first, strongly objected to the results given in Tabie 1.

His previous analysis included all sources of image blur, including recording and

enlarging losses. His main objection was my finding that, for a given maximum

final image resolution for the object focal plane, the depth of field was inversely

proportional to the square of the final magnification. He had concluded that the

greatest depth of field could only be obtained with a large format camera and no

subsequent enlarging. Our results were in agreement when an enlarging

magnification of 1X was used with my f/number and depth of field equations for

a maximum final image resolution of 7 lines/mm. Gibson's original conclusion

that the depth of field for 6 lines/mm resolution decreased when a significant part

of the final magnification was obtained by enlarging was the result of a

mathematical reasoning error in Gibson's treatment of ray optics based depth of

field, which was correct only for a 1X enlarging magnification.3 Subsequent

correspondence, facilitated by Dr. Walter C. McCrone, led Gibson to acknowl-

edge my work was valid. Gibson's error was subsequently corrected in his 1986

BPA article, as noted in my letter to the editor published in "The Microscope."6 I

have copies of the Gibson correspondence if someone is interested in doing a

historical study of photomacrography. Gibson was the pioneer and great

contributor to this field. Gibson agreed with me that the image did not "fall apart"

until the resolution was less than 3 lines/mm.

A more stringent criterion than 6 lines/mm is used for depth of field in

conventional photography, where the circle of confusion should not exceed 0.25

mm (8 lines/mm) within the depth of field.7 A one f/stop decrease in f/number

from that giving 7 lines/mm resolution in Table 1 gives a maximum resolution of

9 lines/mm (0.22 mm Airy disk diameter) and near a maximum depth of field for

8 lines/mm resolution, but at the expense of a significant loss of depth of field for

3 lines/mm print resolution. Comparison of test photomacrographs indicated

that this loss of depth of field reaching 3 lines/mm resolution was not justified by

the increased maximum resolution from 7 lines/mm to 9 lines/mm. John Delly

preferred a 4.5 lines/mm resolution requirement, which gives the greatest depth

of field reaching 3 lines/mm. The test images did not appear to be blurred until

their resolution was less than 3 lines/mm. These results are consistent with

Abbe's criterion that useful magnification ranges between 500 N.A. to 1000 N.A.,

corresponding to a print resolution between 6 lines/mm and 3 lines/mm. These

values of image resolution can be readily calculated from the common definition

of light microscope resolution:

Object Resolution

.61A.

N.A.

Electronic Imaging
The standard for recording photomicrographs in industrial laboratories is

4x5 Polaroid film. Its maximum resolving power in prints has previously been

claimed to be 20 lines/mm, which is ample to faithfully record an optical image

achieving 6 lines or line pairs/mm. (A quick test with Polaroid Type 55 P/N and

a 1963 NBS Microcopy Resolution chart imaged at 1X yielded a print resolution

of 12.5 lines/mm.) The imaging area on a Polaroid 4x5 print is 89 mm by 114

mm, which is the same aspect ratio as a 1024 by 1280 row and column pixel

array. Alternating the 1024 rows bright and dark would yield the finest line

Max Resolution
Final Image

9 lines/mm
0.11 mm
(0.22 mm Airy Disk)

7 lines/mm
0.15 mm
(0.29 mm Airy Disk)

4.5 lines/mm
(0.44 mm Airy Disk)

Abbe
Criterion

320 N.A.

440 N.A.

6S0 N.A.
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160/(MTot+

220/(MTDt+
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330/(MTo,+

Depth of
Field
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Depth of
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spacing and greatest number of horizontal lines recordable with this array. If

these 512 lines could then be accurately displayed and recorded on 4x5

Polaroid, their spacing would be 5.7 lines (or line pairs)/mm.e Our preliminary

experiments with a line test pattern and a Kodak 1.6i Megapixel camera

indicate a resolution of 5.6 lines/mm can be recorded with the lines at 45° to

the X-Y directions Alias lines are apparent at about 4 lines/mm when the lines

are oriented in the X-Y directions. The experiments with the Kodak camera are

done using a Nikon 60 mm f2.8 Micro Nikor lens on a copy stand and imaging

a Canon office copier resolution test chart, which is a version of the NBS

Microcopy Test Chart, in a 3.5 by 4.5 inch field size. I wish a similar pattern

covering a range of 200 to 1000 lines/mm was available for the light micro-

scope. A star pattern or modulation transfer function sine bar pattern might be

more suitable than a line pattern to avoid image artifacts.

Obviously the light microscopist and photomaerographer would see

further improvement in image quality with a 2000x2000 or 2000x3000 pixel

CCD camera which would shift the alias line problem to higher frequencies than

resolved by the microscope objective, but it would be difficult to justify the

added cost with current technology. A best quality 1024x1280 pixel image

could be computed for display from the higher resolution camera output. I

suspect this is already done with some of the digital SEM's,

I hope that this information proves useful and leads to a greater emphasis

on image display resolution. We have learned that it is necessary to include a

resolution test pattern with image files to assure that the digital image files are

faithfully reproduced on computer monitors and in hard copy output. We have

found that the 4x5 Polaroid camera on our JEOL JSM-5800LV makes the best

hard copy of TIFF files from the Kodak 1.6i system. •
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Factory and field trained personnel with over 35 years total

experience, located in the the Midwest, Southeast and on

the West Coast, specializing in TN2000 and TN5500 repair,

detector upgrades, data storage, imaging hardware and

peripheral output devices - and used equipment resale.

Choose from a full maintenance or parts only contract, or

on-demand service - at rates normally a fraction of others.
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I
y
i
i

Analyzer Service

Tel.:
Fax:

•2005

•1675

First,
a High Quality,

Desktop Cold
Sputter/Etch

p System.

Guaranteed
Next Day
Shipment.

wrder Denton's standard Desk II System by noon
today and get guaranteed shipment tomorrow
or Denton pays the freight.
The Desk II produces uniform, conductive, fine
grain Au/AuPd coatings in under three minutes
and is the highest quality desktop system available.

The Desk II features:
• Automatic or manual operation
• Easy to read digital vacuum and current gauges
• Optional carbon evaporation accessory

For more information, look no further than
Denton... where both Quality and Delivery
invite comparison.

DENTON
VACUUM

' I N C .

1259 North Church St.
Moorestown, NJ 08057 USA
Tel: {609)439-9100
FAX: (609) 439-9111
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Next rlay shipment musi be requested at time of order.
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