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WINDOWS AND MIRRORS NEEDED FOR A 
LASER-DRIVEN PHOTONEUTRALIZER 

J. H. Fink* 

ABSTRACT 

Rough estimates of the neutral fraction obtainable from a photo-
neutraiizer and of the power required to operate it are presented as functions 
of the window and mirror performance. More precise information will become 
available in the future. 

INTRODUCTION 
The performance of a laser-driven photoneutralizer is a function of the 

quality cf its windows and mirrors. The higher the window transmission and 
the greater the mirror reflectivity, the smaller the optical losses. This, 
coupled with a suitably designed laser configuration, results in more intense 
illumination and, as a consequence, in an increased output of neutrals from an 
exposed negative-ion beam. However, an upper limit to the intensity is 
imposed by the maximum amount of continuous irradiation that the windows and 
mirrors can safety tolerate. 

In the following, I use an oversimplified model of a photoneutralizer to 
estimate the effects of the real limitations of windows and mirrors. For 2 instance, I have not used a Rigrod analysis, and I considered scattering 
losses, absorption, and nonunifortnity in the gain medium to be negligible. 
Although I do not address scattering or diffraction losses at the windows and 
mirrors specifically, I assume they are included in the effective window 
transparency T and mirror reflectivity R. This is <a convenient though 
unrealistic approximation. Consider the mirror reflectivity for example. As 
defined above, it is not an intrinsic mirror property. It is a function of 
their number, spacing, and shape, as well as their absorption losses, surface 
polish, cleanliness, and the like. The results I obtain are useful 
nevertheless as they provide an approximation, as well as present the problem 
for future, more detailed analysis. More accurate studies, including details 
of the gain medium and optical system, will be done subsequently. 

On assignment from Negion, Inc., Hayward, CA 94542. 
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PHOTONEUTRALIZER DESIGN 
Tha photoneutralizer configuration under study is shown in Fig. 1. It 

includes a total of N mirrors, where N is an even number of mirrors, i.e., two 
or more. The laser gain medium of length I is enclosed by a back mirror of 
reflectivity R Q and a front window of transmissivity T. The gain medium, 
which is composed of a mixture of excited oxygen, iodine, and a buffer gas 
(probably argon), is at a pressure of several torr. The region beyond the 
window, through which the negative ion beam travels, is at a pressure of about 
10" torr. In this outer region, there are N-l additional mirrors that 
reflect the light back and forth across the ion beam. 

We can obtain an estimate of the laser gain needed to operate the 
photoneutralizer by following ;i light ray through the system. (A more 
rigorous analysis would use Rigrod's technique.) 

9 
If light leaves the gain medium with an irradiance <j> (Wm~ ), it will 

2 ae reflected from the first mirror with an irradiance of <fR, with <pR 3 from the second, with $R from the third, and so on. Thus, with a system ?N-3 of H mirrors as shown, the light returning to the gain medium is <j)R . 
Passing through the window, the irradiance of th<3 light at point a is 
pTR . At b, the light, having been enhanced by its travel through the 
1-iigth of the gain medium, is <)>TR e 9 , where g is the small signal 
gain per unit length. 

After being reflected at the back mirror, the light at point c is 
<)>TRn R " e^ . Under continuous exposure to the active chemicals in 
the gain medium, we presume that reflectivity R„ of the back mirror might 
not be as good as that of the other mirrors, which are mounted ir the clean, 
low-pressure, ion-beam environment. 

At d, the light is <j)TR. R 2 N " 3 e 9 after traversing the gain 
medium once again. On the other side of the window, the light becomes 
<pr R n R Z N" 3 e 9 . For sustained operation, the light leaving the 
window must equal <|>, the value initially assumed. Thus, the gain of the 
laser has to be such that 

T 2 Ro R 2 N " 3 e 2 9 1 -- 1 . (1) 
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Figure 1. Configuration of a laser-driven photoneutralizer. 

DISCLAIMER 

Tltis report was prepared as an account of work sponsored by an agency of the United Slates 
Government. Neither the Unilrd States Covcrnracnt nor any agency thereof, nor any of their 
employees, rnaJtes any warranty, express or implied, or assumes any legal liability or responsi
bility for the accuracy, coitlpklene&s, or usefulness of any information, apparatus, product, or 
process .lisclosed, or represents thai its use would not infringe privately owned rights. Refer
ence herein to any specific commercial product, process, or service by trade name, tradcms.i, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by fix United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United Slates Government or any agency thereof. 
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NEUTRAL FRACTION AND THE THICKNESS OF LIGHT 
The neutral fraction obtained from a negative-ion beam passing through a 

photoneutralizer is a function of the ion-beam velocity v, the length L of the 
ion-beam path that is irradiated, the irradiance of the light $, and the 
1ight frequency v. 

If the "thickness of light" through which the ion beam travels is defined 

'0 
= / *dz , (2) 

the neutral fraction becomes 

n N = [1 - exp ]- (ff/hv) S/vJj , (3) 

where o is the photodetachment cross section of light at the frequency v. 
Values of the thickness of light that are needed to provide different 

neutral fractions are shown in Fig. 2 as a function of the ion-beam energy for 
a deuterium beam exposed to light at a wavelength of 1.3 urn. 

In a configuration similar to that shown in Fig. 1, the thickness of 
light through which an ;on beam would pass is 

S = N s D $ [1 + R + R 2 + -- R 2 N ~ 3 ] , (4) 

in which N is the number of such systems mounted in series along the ion 
beam path, and D is the width of the light beam in the direction parallel to 
the ion beam path. 

Neglecting any space that might be left between adjacent mirrors, we find 
the length of a single system of N mirrors, as shown in Fig. 1, is 

L = ND/2 . (5) 

Therefore, the total length of a neutralizer composed of N systems is 

L T = N£ND/Z k (6) 
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Figure 2, The optical thickness of a photoneutralizer delivering 
a neutral fraction. 
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An expression for the thickness of light of a given neutralizer is found 
by rearranging terms in Eq. (4) and introducing Eq. (6), whereby 

•(tyM?) (7) 

-2, If 4 (wm ) is the maximum total continuous irradiance the windows 
can tolerate, the irradiance 4>, whicn leaves the laser gain medium as shown 
in Fig. 1, must be such that 

max 4. = 4 W / (1 + R 2 N " 3 ) . 

-2 Similarly, if $ (wm ) is the maximum irradiance the mirrors can J m 

tolerate, then for N > 2, 4> must be 

max 4, = * m/(l + R 2 N" 2) . 

(8) 

(9) 

For the geometry where N = 2, it can be seen that the total irradiance of 
the front mirror is lower than for N > 2. Thus 

max <{•<*„, (10) 

Should the window tolerance for power loading be the limiting factor, the 
maximum thickness obtainable in a photoneutralizer can be found from Eqs. (7) 
and (8), i.e>, 

r2N-2 
max S - 2L T"w 1-R 

(l-k)(l+R 2 N~ 3) (n) 

Should the mirror loading be the limiting factor for the case where 
N > 2, from Eqs. (7) and (9), 

max S = 2 L T $ m 
1-R 2N-2 

N(l-R) (1+R 2 N~ 4) 
12) 

For N = 2, from Eqs. (7) and (10), 

max S = V < ] + R 2 > • (13) 
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if we assume R > 0.99 and N <_ 10, the results of Eqs. (11), (12h and (13) 
are found to be insensitive to the actual value of R, and the differences 
between the results of Eqs. (11) and (12) are not significant. Hence, an 
estimate of the "optical thickness" obtainable from a 3-m-long neutralizer can 
be obtained from the curves shown in Fig. 3, provided the maximum tolerable 
irradiance of the windows and mirrors is known. From the maximum optical 
thickness established above, we can now estimate from Fig. 2 the maximum 
neutral fraction provided by the neutralizer. 

OPTICAL POWER LOSS 
In the photoneutralizer configuration shown in Fig. 1, the principal loss 

of light results from absorption and scattering at the window and absorption, 
scattering, and diffraction at the mirrors. Scattering and absorption in the 
qain medium is very small because the pressure in that region is so low, only 
a few torr. Meanwhile, the loss of light to the negative-ion beam is 
negligible because the ion-beam density is so low and the cross section for 
photodetachment is so small. 

The loss of light to the N-l external mirrors in a system of N 
sections, as shown in Fig. 1, is equai to the difference between the light 
leaving the gain medium and that returning to it, i.e., 

P E M = N s An * (1 - R 2 N " 3 ) , (14) 

where A Q is the cross section of the light beam reflecting back and forth 
across the incident ion beam. J assume the light has the same cross section 
all along its path, but this is another simplifying approximation. 

The power loss at the back mirror is 

PBM = "s An * (1-Rn) TR Z N" 3 eS 1 , (15) 

while the loss to the window from light passing out of and back into the gain 
medium is 

P w = «s A O * (1-T) ( R 2 N _ 3 + T R 0 R 2 N ~ 3 e 2 ^ ) . (16) 
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Figure 3. The maximum optical thickness of a 3-rn long photo-
neutral izer as a function of the maximum tolerable irradiation 
on windows and mirrors. 
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Introducing Eq. (1) into the total optical loss, i.e., the sum of Eqs. (14). 
(15), and (16), results in 

P L " N s A 0 £TJ r 1 - TR 2 N ' 3 + (I-R 0) f V - J ! • < 1 7 > 

The optical power loss P L in a photoneutralizer is, to the first 
approximation, proportional to the product of the optical thickness and the 
average neutralizer width, Y A (in the "y" direction as shown in Fig. 1), By 
definition, the proportionality constant is the Q of the resonator. It 
represents the ratio of the optical power in the mirror cavity, to the cavity 
pmter ^ras. ftetause it is not exactiy the usua1! definition of tj> 1 ca"\1 it ti, 
whereby 

S Y A 

This is illustrated in Fig. 4 where, for various system designs, the optical 
power loss of a system whose average width is 4 cm is shown to be a function 
of G a. 

e 
Estimates of G can be obtained from Eqs. (7), (17) and (18). I f RQ is 

assumed to equal R, 
(l - R H 

[1-R) [ r 1 - T R 2 " - 3

 + (1-R) R N ' 2 ] 
(19) 

In Fig. 5 (a to e ) , I show G as a function of T, R, and N. For the case where 
T is one, G is approximately independent of N, whereby 

. - (T4T) • (20) 

I should point out that the results presented here are just 
approximations. A more detailed study would show the effective mirror 
reflectivity to be a function of the number, shape, and spacing of the mirrors. 
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Figure 4. Optical power loss as a function of optical thickness 
for a beam of average width, Y. = 4 x 10" in (which corresponds 
to an initial beam width of 1.5 x 10~ m, a half-angle divergence 
of 0.5 deg, and a neutralizer length of 3 m). Factor G is defined 
in Eqs. 18 to 20 of the text. 
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Figure 5. The Factor G as a function of window trsnsmissivity T and 
of reirror reflectivity R for N number of mirrors, see (a) to (e). 

Dashed line (T = 1.000) is for 3 ̂  -J-*. 
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BEAM-LINE EFFICIENCY 
The efficiency of a neutral-beam line is a function of the ratio of the 

power required to operate the neutralizer divided by the power of the output 
neutral beam. Obviously, photgneutralization makes a system more efficient if 
the power saved by obtaining an enhanced neutral fraction from an incident 
negative-ion beam is grp:cer than the power expended to operate the improved 
neutralizer. It is not my intention to pursue this topic here. However, I do 
want to point out fiat the power required to operate the neutralizer, P N, 
equals the optical power loss divided by the laser (wall-plug) efficiency 
e. . From Eq. (18), 

S Y A 

Unfortunately, the development of a suitable laser has not progressed far 
enough to establish the actual laser efficiency. We know it wi}l be better 
than Z%. We hope it will be bstter than 6%. 
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