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Abstract

Coherent combination of laser beam is an important and challenging area of high power laser
science. And how to evaluate the high power laser by coherent beam combination is a new re-
search spot. Formulas for the radiated intensity distributions of coherent combined Gaussian
beam array are derived via Fraunhofer scalar diffraction model by utilizing representations of the
cross-spectral density of the far field. Effects of beam array numbers and separate distances etc.
on far field radiated profiles are shown and analyzed. A new conception named power in the
bucket of the main lobe ( PIB,, ) is advanced to measure the beam quality of combined beams. This

evaluation method is useful for efficiently determining the peak irradiance and power in the
bucket for single emitting apertures of general shape.
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1. Introduction

Achieving high optical power and high brightness has always been the major goals in the development of laser
technologies. A natural means of increasing the power and especially the brightness should be to combine many
individual lasers into arrays. In recent years, coherent and incoherent combinations of laser beams have been in-
tensively studied theoretically and experimentally due to their wide applications in long-range energy delivering,
etc. Since then, beam quality and divergence angle of laser arrays in the far field have also been investigated,
and how to evaluate the high power laser by coherent beam combination is a new research hotspot [1] [2].

In this paper, based on the representations of the cross-spectral density of the far field, the radiated intensity
distributions of coherent and incoherent combined Gaussian laser arrays are formulated and depicted. Effects of
beam array numbers and separate distances between each source element on far-field radiated profiles are illu-
strated by numerical examples.

The important motivation for combining multiple lasers is to obtain high on-axis peak beam intensity, so the
combination effect is evaluated by combining effect factor defined as the power in the bucket of the main lobe
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(PIB,,) at the far field target. The PIB, is defined as

PIB, =[[ (X, y)-circ(ngyzde/j I(x, y)dS (1)

PIB, is the ratio of the power in the main lobe to the total power of the array in the far filed intensity distri-
bution. On this basis, a new conception is advanced to measure the beam quality of combined beams.

2. Theory Model

According to Fraunhofer diffraction theory, the diffraction field that collimated beam passing through lens can
be calculated by Fraunhofer diffraction formula. In this paper, we established a laser combination array of sev-
eral individual Gaussian beams with a near-field intensity profile arranged of a hexagonally packed group of
emitters on a circle in a “bolt-hole” beam pattern as shown in Figure 1, and the far field beam profile calculation
is based on scalar diffraction theory. The far field complex amplitude distribution is sensitive to near field beam
relative phase relationship; array areal fill factor and array number [3]-[5]. We assume that every beam in the
array has same intensity distribution with different beam center positions, and every beam waist width is equal

as w,, the distance between nearest beams is d, the total number of the laser array is N, N =1+ Z::le » mis

the circle number of the array.
The coordinate location of each beam can be referred as (Xmn, Ymn),

X, =md -cos{(n—l)é—;} + Yo =Md ‘Sin[(n g éﬁ} ?

m

The intensity of the laser array in the near field pattern can be written as

U(X, Y)Zzzmlp\m exp|:_(x_xmn) +2(y_ymn) +i¢mnj|

m=0 n=1 @,
M 3)
=Z;)Z;Annexp[ y lmnj*5(x X+ Y = Yo )

where, A.. . ¢, isthecomplex amplitude and initial phase of each beam respectively. The far field profile is
the spatial Fourier transform of the near field pattern, and the far field complex amplitude of coherent combined
Gaussian laser array can be expressed as

exp(jkz) ij) x> +y?
ud,. f )= i1z p{lk(T)} “

i3 Snen{ 22

—o0 —0 M=0 n=1

'%] 8(X=Xpys Y= Yo ) X EXP [—i27z( fox+f, y)} dxdy

Figure 1. Arrangement of array beams.
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The far field cross-spectral intensity distribution pattern is the square of the complex amplitude model. For
simplicity, we neglected the constant items, and the far field intensity distribution pattern of the array is easy to

get as
M_ 6m . 2 k2w?
000, <[5 A0[89, 0. ]| <o 52 40| X
m=0 n=1

where ¢, =mA/d, and we will see that the far field cross-spectral intensity distribution pattern is the product
of the intensity of the laser array in the near field pattern with a single Gaussian beam. We induce a spatial co-
herence degree factor y which is defined as a fuzzy function of phase difference, complex amplitude, and po-
larization etc. Note that, the value of the coherence degree factor y is ranged from 0 to 1. When » =1, it re-
fers that the array is completely coherent combined and when y =0, the array is completely incoherent com-
bined. In this paper, what we consider is the relative distribution of light intensity on far field, so we investigated
the sensitive factors of array arrangement, coherence degree factor and the laser beam number which may influ-
ence the far field intensity distribution pattern. According to the above Formulas (2)-(5), we can simulate the far
field distributions of the laser array and present the concept of PIB,, to evaluate the coherent combining sys-
tem’s performances.

3. The Far Filed Characters upon Sensitive Factors

According to Fraunhofer diffraction theory, the diffraction field that collimated beam passing through lens can be
calculated by Formula (5), where i is imaginary unit, k is wave number (X, Y,,) IS the incident field coordi-
nates, (0,,0,) isthe angle away from the normal, N is the total number of wavelets, d is the diameter of circular
beams. For convenience, we demonstrate every sensitive factor assuming the other factors are constant.

3.1. The Array Arrangement

In this section, we study the performance of the array arrangement to the far field distribution. Suppose that
there are only static phase distortions due to the laser path length differences between the different channels.
Numerical calculations will be carried out to correct those phase distortions by finite number of iterations.
We will consider hexagonal distributed laser arrays containing seven lasers as an example. We suppose that
each fiber laser beam has a single Gaussian mode output. The beam waist of each laser is «,, and lasers are
arranged in an array with the nearest neighbor separated by a distance d. Vacancy factor f =(2«,/d) can
be used to describe the compactness of the array. A smaller f corresponds to a more compact array. The nu-
merical calculation of the far field distribution with variable f =1.0,0.85,0.5,0.25 is shown in Figure 2.

From results it is found that, for coherent combination of Gaussian laser array, its intensity distributions
would turn out to be occupy many rough lobes around the a central lobe. For example, when f =1.0, the
far field distribution is the Gaussian type. With f increases, more side-lobes appear which are induced by ef-
fects of interference of many separate source elements. While the vacancy factor decreased, the number of
circle fringes increased but the radius of the central far-field lobe also decreased. What is most important is
that the power in the bucket of the main lobe made the same corresponding changes. For certain f, the radius
of the central far-field lobe can be calculated and the power in the bucket of the main lobe is the integration
of such radius in the power domain.

3.2. The Coherence Degree

We induce a spatial coherence degree factor » which is defined as a fuzzy function of phase difference, com-
plex amplitude, and polarization etc. [6]. From the Formula (5), it is easy to know that the factor y has no con-
tributions to the far filed distribution pattern, but it is sensitive to the on axis density and the power of the main
lobe. Assuming laser arrays containing seven lasers and its vacancy factor f =0.8, the numerical calculation of
the far field transverse plane distribution with variable » value is shown in Figure 3.

The computed results indicate that the radius of the main lobe of the far field distribution is consistent despite
the variation of coherence degree factor . For a laser array with the coherence degree from 0 - 1, the axial in-
tensity vary approximately linearly with coherence, but the radius of the central far-field lobe is nearly un-
changed as coherence decreases from one to nearly zero at which point the lobe disappears completely. Which
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Figure 3. Far field distribution with various y.
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may be the most important character is that, the fringe visibility at the far field does depend on the coherence
degree but that dependence varies strongly with the array arrangement and the number of laser beams in the ar-
ray.

3.3. The Number of Array Beams

The equations are an exception to the prescribed specifications of this template. You will need to determine
whether or not your equation should be typed using either the Times New Roman or the Symbol font (please no
other font). Equations should be edited by Mathtype, not in text or graphic versions. You are suggested to use
Mathtype 6.0 (or above version).

From the Formula (5) of the theory model, total number of wavelets of the combination array does some ef-
fect to the far field intensity [7]. In this section, we computed the power of the main lobe versus the variable
number of beams at a certain value of f. Figure 4 shows the calculated PIB, versus m when f = 1.0, 0.8 and
0.5 independently.

In the graph, m is the circle number of the array arrangement and the total number of the array is

N=1+ 2:116m . For example, if m = 0, the total array number is 1, if m = 5, the total number is 91. It is clear

that, the effect to the PIB, by m is very small, and the PIB, is fluctuating high and low irregularly with the
variation of m. The fluctuating range is so limited that it even can be ignored compared with the effect of the ar-
ray arrangement. Figure 5 gives the near and far field intensity distribution of array arrangement and the calcu-
lated PIB, value when m =1, 3, 5. For rough evaluation of coherent laser array combination, the computed
PIB, seems to have little difference within 0.5%.

4. Power in the Bucket of the Main Lobe

In this section we discuss the way how to rough evaluate the coherent beam combination by the method of pow-
er in the main lobe of the array’s far field distribution. From the above analysis in Section 2 and Section 3, we
know that for a given laser array, its far filed intensity distribution is determined by the factors of f,y,m. For
the far field intensity distribution shape, the main lobe almost consistent if the f is arranged. The PIB,, of the
array is the ratio of the power in the main lobe to the total power of the array in the far filed intensity distribution.
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Figure 4. PIB,, versus various m at certain f.
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Figure 5. Near and far filed distribution and the PIB,, value when m =1, 3, 5.
By the Formulas (4) and (5), we can calculate the PIB, in the ideal coherent combination state, and then take
trap-hole method to measure the actual power in the bucket, the ratio of the actual power to the ideal calculated
power is useful to evaluate the coherent combination effect of the sub lasers [8] [9]. A higher ration corresponds
to a good coherent combination array. Laser’s coherent combining is focused in high-energy laser field because
of its increasing focal spot power density in evidence. Traditional evaluation criterion of beam quality can't
represent predominance of coherent combining over incoherent combining. According to character of coherent
combining, this PIB, method we presented for evaluation system of beam quality is constructed. This new

evaluation system can represent significant predominance of coherent combining and improvement of laser's
coherent combining system's performance.

5. Conclusion

In this paper, we have presented formulas for the radiated intensity distributions of coherent combined Gaussian
beam array via Fraunhofer scalar diffraction model. We then deduced a set of formulae useful for efficiently de-
termining the peak irradiance and power in the bucket for single emitting apertures of hexagonal distributed la-
ser arrays. The far-field intensity distribution for coherent combination is numerically calculated and the sensi-
tive factors are discussed in detail. A new conception named power in the bucket of the main lobe (PIB,) is
proposed to measure the beam quality of combined beams. This evaluation method is useful for efficiently de-
termining the peak irradiance and power in the bucket for single emitting apertures of general shape. Compared
with other beam quality parameters, PIB, has many advantages on physical concept, feasibility and measure-
ment in the project.
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