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DEPARTMENT OF THE ARMY
U.S. ARMY ENVIRONMENTAL HYGIENE AGENCY
ABERDEEN PROVING GROUND. MARYLAND 21010

28 MAR 1977

NONIONIZING RADIATION PROTECTION SPECIAL STUDY NO., 42-0325-77
EVALUATION OF A LASER EQUIPPED RIFLE FOR THE
US ARMY HUMAN ENGINEERING LABORATORY
ABERDEEN PROVING GROUND, MARYLAND
JANUARY 1977

ABSTRACT

A special study of the optical radiation hazards associated with the
operation of a He-Ne laser mounted to an American International Corporation
Model 180 Law Enforcement Rifle was performed by this Agency. Radiometric
measurements were conducted on ll January 1977, for the US Army Human
Engineering Laboratory at Aberdeen Proving Ground. It was determined that
the protection standards for momentary viewing were exceeded out to a hazard
distance of 9 m and to 100 m when viewing through an optical instrument.
Long-term staring at the laser from within the beam exceeded the protection
standards out to a caution distance of 490 m.

It is recommended that: the laser not be pointed at the unprotected eyes of
personnel within the hazard distance, unprotected personnel not be allowed to
continuously stare into the beam within the caution distance, the laser not
be pointed toward nearby flat mirror surfaces, and an appropriate warning
label be affixed to the device. It is further recommended that the laser
output power be reduced below 1 mW, if feasible, to eliminate a potential
hazard for retinal injury from momentary viewing.

[ Approved for public release; distribution unlimited.
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NONIONIZING RADIATION PROTECTION SPECIAL STUDY NO. 42-0325-77
EVALUATION OF A LASER EQUIPPED RIFLE FOR THE
US ARMY HUMAN ENGINEERING LABORATORY
ABERDEEN PROVING GROUND, MARYLAND
: JANUARY 1977

1. AUTHORITY,
a. AR 40-5, Health and Enviromment, 25 September 1974.

b. Letter, DRXHE-SP, US Army Human Engineering Laboratory, Aberdeen
Proving Ground, 30 December 1976, subject: Laser Safety for Test of a Laser
Equipped Rifle. %

2. REFERENCES,
a. Paragraph 2-35a(7), AR 10-5, Department of the Army, 1 April 1975,

b. AR 40-46, Control of Health Hazards from Lasers and Other High
Intensity Optical Sources, 6 February 1974.

c. TB MED 279, Control of Hazards to Health from Laser Radiation, 30 May
1975,

d. Title 21, Code of Federal Regulations (CFR), 1976 ed., Part 1040,
Performance Standards for Light-Emitting Products.

3. PURPOSE. To evaluate potential health hazards associated with the use of
a laser equipped rifle and to make recommendations- designed to eliminate
exposure of personnel to potentially hazardous radiation from this device.

4. GENERAL,

a. Background. This Agency was requested to evaluate a Spectra-Physics
laser mounted on an American International Corporation 180 law enforcement
rifle by the US Army Human Engineering Laboratory for feasibility for combat
simulation field tests at Aberdeen Proving Ground. The laser system is
illustrated in Figure 1. The system was manufactured by American
International Corporation, Salt Lake City, Utah. The battery operated laser
is employed as a line-of-sight aiming device for the rifle and serves
normally as a deterent to criminals confronted by law enforcement officers.
The laser spot indicates the point of impact for the rapid-fire,
small~caliber rifle.

Approved for public release; distribution unlimited. il
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sURE 1. American International Corporation 180 Law Enforcement Rifle with
SC 200 Laser Lok Sight Mounted Below Rifle Barrel
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b, Inventory. At the time of this study the US Army Human Engineering
Laboratory had one He-Ne laser on hand.

c. Instrumentation,

(1) United Detector Technology Model 40X Optometer with Radiometric
Filter.

(2) Calibrated Neutral Density Filters.

d. Abbreviations. A table of radiometric terms and units is provided in
Appendix A.

5. FINDINGS.

a. Laser Output Parameters. The following laser output parameters were
determined:

(1) wavelength: 632.8 nm (He-Ne laser wavelength).
(2) Radiant Power: 3.1 mW measured, 2 mW specified.

(3) Effective Emergent Beam Diameter: Circular beam with an approximate
diameter of 0.5 mm,

(4) Effective Beam Divergence: 1.3 mrad divergence at
1/e-peak-irradiance-points measured, 1.6 mrad specified.

(5) Hazard Classification: Class IIIb medium power laser.

b. Beam Characteristics as a Function of Range. Radiometric
measurements of beam irradiance versus range were made on 11 Januarv 1977 at
Aberdeen Proving Ground. A power meter with a l-cm diameter circular
entrance aperture was placed within the most intense portion of the beam at
several distances out to 27 m. The data were corrected to provide the
irradiance through a 7-mm and an 80-mm aperture to depict the largest
pupillary diameter and telescopic viewing. Results of the corrected data
appear in Figure 2. Using Equation 12 of Appendix B and a programmable
calculator/plotter, an effective beam divergence of 1.3 mrad was derived.

c. System Safety. The laser device did not incorporate safety features
as prescribed in 21 CFR 1040. Such features include an interlocked
protective housing, remote control connector, key control, laser radiation
emission indicator, beam attenuator and warning labels. Class IIIb laser
systems manufactured after 1 August 1976, except prototypes, are required to
incorporate such safety features unless an exemption is obtained from the
regulation, Future production systems would be required to meet the
regulation,
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FIGURE 2. Theoretical Beam Irradiance Versus Range for the Laser Equipped

Rifle. Lower curve provides irradiance through a 7-mm circular
aperture, Upper curve is for an 80-mm aperture. An atmospheric

attentuation coefficient of 10 7cm ! was assumed.
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6. DISCUSSION,

a. Hazard Analysis. The potential hazard from the He-Ne laser is
limited to the unprotected eyes of individuals looking at the laser from
within the laser beam at close range. The protection standards for a
continuous point source laser depend upon the emission wavelength (632.8 nm)
and the viewing duration. Momentary viewing, which is limited to the
duration of the eye's natural aversion response and blink reflex (0.25 s),
allows an exposure up to 2.5 mW/cm? averaged over a 7-mm pupillary diameter
(worst-case, dark-adapted eye). The standard for long-term (10,000 s to 8
hrs) staring into the beam is 1 uW/cm? through a 7-mm aperture. Comparing
these protection standards to the beam irradiance in Figure 2 indicates a
hazard distance of 9 m for unaided viewing and 100 m when viewing through an
optical instrument with an 80-mm objective lens. Purposeful staring into the

beam for long periods exceeds the protection standard out to a caution distance

of 490 m,

b. Range Controls. The laser presents a line~of-sight hazard out to the
aforementioned hazard distances when the laser beam is pointed toward the
unprotected eyes of personnel. Since the hazard does not extend beyond the
limit of the operator's vision, the simplest control measure would be to turn
off the laser should personnel enter the area of the beam path within the
potentially hazardous ranges. Ideally, a backstop should be utilized to
terminate the beam within the controlled area. The backstop should present a
large angular subtense (~20 mrad) from the operator's position (2 m x 2 m at
100 m). Although glass surfaces placed within the beam path do not reflect
sufficient irradiances (only 8 percent) to present a momentary viewing hazard
to individuals looking into the reflected beam, mirrored surfaces can.
Therefore, it is normal practice to avoid pointing the laser at such surfaces
or to remove them from the vicinity of the beam path.

7. CONCLUSION., The laser equipped rifle emits optical radiation exceeding
current protection standards., However, this device does not pose a
significant hazard provided that the operators are informed of the potential
hazards and take appropriate precautions.

8. RECOMMENDATIONS,
a. Do not point the laser at the unprotected eyes of individuals located
at distances less than 9 m, or less than 100 m when they are viewing through

optical instruments (paragraph l1-4d, AR 40-46).

b, Do not permit continuous staring into the beam within 490 m
(paragraph 1-4d, AR 40-46),
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| C. Do not point the laser at flat specular ("mirrore es wit
i 4.5 m (paragraph 1-4d, AR 40-46).
d. 1Install a warning label on the laser which rea as follows
paragraph 1-5d(1l), AR 40-46],.

| |

4 |

He—Ne LASER \ 3

’ |

DO NOT AIM :

AT THE EYES OF PERSONNEL ' |

|

WITHIN 9 m ! :
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OR AT NEARBY MIRRORED SURFACES \
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.
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e. Reduce the output power of the laser to below 1 mW, if possible, t
eliminate the potential hazard from retinal injury for momentary viewing
should several of these devices enter the US Army inventory for law
enforcement purposes or two-sided tactical exercises. If this power
reduction is not feasible, the emergent beam should be expanded to limit the
power passing through a 7mm aperture to 1 mW (paragraph 1-4d, AR 40-46).

R. b

TE L. LYON
Physicist
Laser Microwave Divis

tedls 2t AN Ly
PEDRO F. DEL VALLE
1LT, MSC
Nuclear Medical Science Officer
Laser Microwave Divis

APP ‘*,’T\.""D'

/i% wfu; A s

"RT T. WANG NN Ph.D.

MSC

.\,

“hief, Laser Microwave Division

L. % o IR
WiLLIAM G. PEARSON

COL, MSC
Director, Radiation and
Environmental Sciences

e Y e Py




JP eavs v
e ol Iojua el b topue |f|ﬂ4ln = | dIiLOS 43 IV 2 (ABUGGAEM 5594UXe O PISTl A[UOWWOD 50w oJE Wwh Jo wmu 943 M
] o . c , . § Ol JO AURW 40j LIBUJIL JO JlUn pPesn AJUOCWMOD Jsom 9yl §
e TR ok gt o ¥ 1.. 0 I = £ e s uac:_ tERldianie B Td 4 { 1 SYY CLIEUY[ JU JTUN PILA3FSAd Iyd ST 13I9W Yl I[TYM z j
3 e _ntu [ a 4 wu w3 A GAOW 10 U, WM 30 SIUn sey Y SOUBTpPELL! [BIJDIdS w
SISCSIREL By Wy | > 3 X EPUBRRAL H3 “atu Y IU1054NS € SBY [OQUWAS 9yl PUE JEALSIUT YIBUS[IABA §
RS IREL MR L NS 3 ol 1 il U R oYl PUB ' Lujusal pIom eyd Ay papadead ST wial ayl '
. } [U1329Us MUddEU 03 19j9d 03 [PeddI|e 9y ABw sITun Y| 1 )
-t — e SR AR B R SRR RN Sl S
5 A \ | lﬂ a Ut ° A 2
ss9litu 30| = i | N o ledtigy w 1 3o01- = ( _ d ..:.wzuc jes3dg
|
B i e e s + - FEUSEEEUSIET (SOOI o saa e | - S
[ (. &=l i | (934n0s ¢ 30) | L | (924nos & jo0)
| 1iem 13U Uown] —— g & I AJEDL} G4 Snoutun] _ 3 | = Py % ¢ AJUa1D1334 Jueipey
———ee e L I —_——— e —————— SISO ST, | E—— - e i S SISI—— S
8y !. “ uotljetlpea
ssajitun | — = = = ()4 s/t puey peody e jO)
{ 1 1 AJURTI1334 snoutwng
PR ST .. — IESECHEESE IR SR e
...M (p-M-®1) _ ¢ (uotietpes j0)
11BA 130 uJmn| = ¥ X AdEd1334 snoutum]
= | Ag
- — e
" VP (p-w- ) 1oisw ﬁ VP - AB010140I0Y4 ul‘Isoy)
-~ (s.x[) puodas-xnj p L.Hn |||a = >: >: QdnsSodxy Jyar] 24deNLs Jeu IINnYY = s o: sinsodxy jusipwy
e op op
I P TP SEC) BE ERET I
wn ({.=.p2) 131%m gs0d.yp-dp < HENDS 134 pue V«cu#v.% 5
n..u... aisnbs 1ad wiapusd STl = Aq 1 JdueUTWN uelpelals ad 1ieN = = u.~ JdueTpRy i
o S (513 S P I
| <
“ (P3) ®[opued io (45 -w]) ap 2 (d3modapued) ((-45-M) up -
usTpeials 13d uswny S Ay 1 A3T1SUljuU| Snoutum] UETpel1als 1ad 13jEy e, ° A3TSUIJU] JuElIpEy
* L13 P
2
(x1) xny :-l ul) yp P (A31Suap (p-w M) 2910w VP (Ad010140l0Yyy Ul IIWY
> 1333a sawnbs 1ad udwn| — e Ay 3 Xnij snoutwny) aienbs iad i3en e ey % 2s0g) Aitsuag xnji4
.m Aep dueuten[] P ijuelipey IO Jouelpead]
t — — — —_——
[} ;-m.u] 1 4 (p-w-n) 2219w P 5
2 1212 aienbs 13d udeng f«.‘onou.?_ Bl A n JOUEITX Snouiuny aienbs 134 Jiey rv,enou.ug\- S % QVUBIIX] Juwipey
@ (1 o
< p 3 wp 2 e (xn13 juetpey)
! (w1) uswng | p (Y)A =i 089= e ¢ XN[4 Snoutwn] (M) 33wm ~ = "¢ - ke 13m0g JURIpEY
o w op
3 v
.ndu (¢.w-s-mp) 131%m AP " AJTSUN] (g-m-[) 1313w AP 5 Aljsuag
o aaenbs 1ad j0qe) — e Py - A31auj snoutwr] s1qnd 1ad afnop ~ = N u: ABIaug Jueipwy
(24 >Cﬂ op
o — el H =
= (10q1®1) A
| A e ; o, :
N (s ®m1) puodas uen| U v 1431 40 Ajrueny (1) snog 0 ABI3uy Jumipey
el - — —— I!]‘flw -— '
=4 UOL I TAIIGQY | ¢ | uctletAad uorjenby
9 | pue situn s . ! [OGuss | kg pue 3t s sututyx [OoymAs way
= e —— SRS D 1 | I SRS - . IR P L
.‘u Jldidoluva
Z B N e et

s AN UNY Shd il D1dd BWOLOHd UNY D 1L DWW ivY 410 THiddsi
¥ XIANddd¥




< st g L g

.

y
;
|
»

TR ————

Nonionizing Radn Prot Sp Study No, 42-0325-77, Jan 77

APPENDIX g

DETERMINING A LASER BEAM DIAMETER AND DIVERGENCE
TO EVALUATE POTENTIAL RADIATION HAZARDS

BACKGROWND. To assess potential health hazards to individuals from
exposure to laser radiation requires an understanding of several topics:

a. The shape or profile of the laser beam intensity distribution.
How this profile changes as the beam traverses the atmocsphere.
c. The defining aperture for the optical radiation protection standards.

2. GAUSSIAN BEAM. The beam profile at a fixed distance from a single-mode
laser (often the case for gas lasers) closely resembles a Gaussian
distribution. We can express this distribution mathematically for beam
irradiance E(4) as a function of radial distance % from the center axis cof
the beam by:

E(n) = Ege~1%/202 (1)

where E, is the peak irradiance and ¢ is a constant which is related to the
width of the distribution. Normally, the radiant exposure beam profile at
the exit of a solid-state pulsed ruby laser system such as from scme laser
rangefinders does not even remotely follow a Gaussian distribution. At great
distances from the laser, however, the beam is "truncated" and broken up into
various hot spots. This change in the shape of the beam occurs due to

di ffraction at the lasers projection optics as well as interactions between
the beam and the atmosphere. Measurements of maximal beam irradiance at
several points downrange permit the calculation of an effective beam diameter
which can be related to o. Hence, the mathematics of equation 1 could also
be used for a pulsed laser system with beam radiant exposure H(&) as a
function of radial distance assuming an effective value for o.

3. BEAM DIAMETER. The diameter of a laser beam is not directly apparent for
a Gaussian distribution as opposed to a rectangular beam profile as shown in
Figure 1. Laser technologists have defined the beam diameter in different
ways. We wish to define the beam diameter such that the peak irradiance can
be readily calculated. Consider the total power contained within a beam with
radial symmetry. This total power, ¢, is given by the following integral:

¢ = _/:”E(n) 21 dn (2)

where 2m4 d4 is the differential area of an infinite diameter circular
aperture thru which the beam passes. Combining equations 1 and 2 and
integrating we obtain:
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¢ = ﬂDL2E°/4 where D, = 2V20 (3)

Physically D, defines twice the radial distance to where the irradiance on
the Gaussian distribution is reduced to E,/e (or beam diameter to
l/e-peak-irradiance-points). Therefore by knowing the beam diameter defined
at 1l/e-peak-irradiance-points and the total power contained within the
Gaussian profile it is possible to predict the peak irradiance with the same
computation as for a rectangular beam, One simple method for experimentally
measuring the beam diameter consists of allowing 63 percent cr 1 - l/e of the
total beam power to pass thru an adjustable circular aperture located on the
beam axis. The diameter of this aperture is D;,. (This can be mathematically
verified by integrating equation 2 to the beam radius at
l/e-peak-irradiance=-points or 4 = V2 o). Figure 2 is a plot of this integral
over various limits of integration.

4. BEAM DIVERGENCE. The profile of this laser beam at any other point along
its path will also be approximately Gaussian (assuming that other optical
systems are not present which might obstruct the path or in any way modify
the beam shape). The Gaussian beam in the far field will widen and the peak
irradiance will be reduced as we travel farther from the laser. The total
power within the beam will be reduced only slightly due to atmospheric
absorption. The beam diameter at some distance, r, from the laser is given
by:

D, =r tan ¢ + a (4)

where ¢ is the beam divergence and a is the diameter to 1l/e
peak-irradiance-points at the laser output. Since most laser systems are
highly collimated we obtain from equation 4:

PR =R EQEE e (5}

: From this expression it is apparent that the beam divergence must also be
specified to l/e-peak-irradiance-points. To demonstrate this consider
specifying the beam diameter to 1/e2-peak-irradiance-points (p!) then from
p ! equation 1 we can prove that:

p, = DIy2 (6)
£
k& and equivalently:
P a=al/2 (7)
k :2 Therefore we find that:
b ‘ o = o1/2 (8)
B-3
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where a! and ¢! are the exit beam diameter and divergence respectively

defined to l/ez—peak—irradiance.

The laser range equation is obtained by combining equations 3 and 5 or:

E(r) = (1.27 ¢ e”¥T)/(a + r¢)? (9)
where ¢=#¥ is the atmospheric transmission. (u is called the atmospheric
attenuation coefficient and is normally very small.) Hence, although beam
diveruence could be defined in several ways, it is convenient for a hazard
cvaluation to select the beam divergence defined at
l/e-peak-irradiance-points so that it is possible to predict the peak

1rradiance within a Gaussian profile at any distance from a laser of known
utput power, We can also apply this equation to experimentally measure the
beam divergence., We can measure the peak irradiance with a detector whose
sensitive diameter is much smaller than D, for the beam in the far field of
the laser (r¢>>a) and them compute ¢ from equation 9 since ¢, u, r and a can
1lso be measured.

. FROTECTION STANDARDS., Why does one need to calculate the peak irradiance
in the beam? We do not always need the peak irradiance but normally the beam
diameter, D, , 1s much larger than the sampling diameter for the laser
protection standards since the potential hazard often extends to great
distances from the laser. The protection standards for the skin and cornea
and lens of the eye are based upon power or energy transmitted through a l-mm
aperture (for wavelengths between 10° and 10® nm this aperture becomes 10 mm)
whereas the aperture for the "retinal hazard region" of the spectrum (400 to
1400 nm) is based upon a 7-mm aperture (dark adapted pupilary diameter).
Actual range measurements are performed on laser systems with small exit beam
diameters using an appropriate diameter aperture placed directly in front of

nhe detector and centered on the beam axis.

6. RELATIVE BEAM POWER OR ENERGY. The maximum power or energy available to

pass thru the appropriate defining aperture (for the various protection

standards) is the most useful parameter to determine from the standpoint of

evaluating optical radiation hazards. Fiqgure 2 can be used to relate the i
fraction of total power transmitted thru different diameter apertures when ]
the total beam power is known. Expressed mathematically Figure 2 simply

states that the power thru an arbitrary axial aperture of diameter 4 is:

¢d = ¢(1-B) (10)

where 8 = E(4d, 2)/E. and 4 = 2‘v21n(1/5).

o

By integrating the Gaussian profile over the area of an arbitrary circular
aperture and combining this power with equation 3 we obtain another useful
expression:
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¢d = Q[l—e(d/DL)z] (11)

Hence a general laser range equation can be seen from equation 11 which could
be applied to laser systems which have relatively short retinal hazardous
ranges (D, is of the same order of magnitude as 7 mm) or to telescopic
viewing of such beams. The average irradiance over an arbitrary axial
circular aperture of diameter d is given by:

E(r,d) = 2.60[ 1-e(d/D1) % ]e-ur (12)

This range equation is primarily applied to low power Ga-As laser dicdes and
He-Ne lasers.
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where a! and @1 are the exit beam diameter and divergence respectively

defined to l/ez-peak—irradiance.

The laser range equation is aobtained by combining equations 3 and 5 or:

E(r) = (1.27 ¢ e”HE)/(a + r¢)? (9)
where o=#' is the atmospheric transmission. (u is called the atmospheric
attenuation coefficient and is normally very small.) Hence, although beam
diveruence could be defined in several ways, it is convenient for a hazard
cvaluation to select the beam divergence defined at
1 /e-pcak-irradiance-points so that it is possible to predict the peak
irradiance within a Gaussian profile at any distance from a laser of known
output power. We can also apply this equation to experimentally measure the
beam divergence. We can measure the peak irradiance with a detector whose
sensitive diameter is much smaller than D, for the beam in the far field of
the laser (r¢>>a) and them compute ¢ from equation 9 since ¢, u, r and a can
also be measured.

'« FPROTECTION STANDARDS. Why does one need to calculate the peak irradianc
in the beam?” We do not always need the peak irradiance but normally the beam
diameter, D, , 1s much larger than the sampling diameter for the laser
protection standards since the potential hazard often extends to great
distances from the laser. The protection standards for the skin and cornea
and lens of the eye are based upon power or energy transmitted through a l-mm
aperture (for wavelengths between 10° and 10° nm this aperture becomes 10 mm)
whereas the aperture for the "retinal hazard region" of the spectrum (400 to
1400 nm) 1s based upon a 7-mm aperture (dark adapted pupilary diameter).
Actual range measurements are performed on laser systems with small exit beam
diameters using an appropriate diameter aperture placed directly in front of
the detector and centered on the beam axis.

©. RELATIVE BEAM POWER OR ENERGY. The maximum power or enerqgy available to
pass thru the appropriate defining aperture (for the various protection
standards) is the most useful parameter to determine from the standpoint of
evaluating optical radiation hazards. Figure 2 can be used to relate the
fraction of total power transmitted thru different diameter apertures when
the total beam power is known., Expressed mathematically Figure 2 simply
states that the power thru an arbitrary axial aperture of diameter 4 i

¢d = ¢(1-8) (10)

i e T I
where B = E(4,2)/E. and 4 = 20v2{n(1/8) «

By integrating the Gaussian profile over the area of an arbitrary circular
aperture and combining this power with equation 3 we obtain another useful
expression:
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¢a = @[1-e(d/DL)2] (11)

Hence a yeneral laser range equation can be seen from equation 11 which could

be applied to laser systems which have relatively short retinal hazardous

ranges (D, is of the same order of magnitude as 7 mm) or to telescopic

viewing of such beams. The average irradiance over an arbitrary axial
ircular aperture of diameter d is given by:

E(r,d) = 2.66[1-e(8/D1)2 Jemurx (12)

This range equation is primarily applied to low power Ga-As laser diodes and
He-Ne lasers.




