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" ABSTRACT =
| Forward opt1ca1 g]ory effects in Mie scattering are d1sp1ayed here
for the f1rst t1me These effects 1nc]ude regu]ar osc111at1ons in M1e
eff1c1ency factors and character1st1c dev1at1ons from 26r0 po]ar1zat1on
- in near—forward scatter1ng wh1ch are observab1e for rea1 refract1ve's'

indices near Y2 and 2, Comp]ex angu1ar momentum theory predicts the |
per1od of osc11]at1on correct]y and shows the amportant ro1e p1ayed by
surface waves thh shortcuts through the sphere. Three poss1b1e types
of.experiments for detecting the forWard;giory ere.proposed, iﬁVbTriné
measurements of ext1nct1on, rad1at1on pressure and polar1zat1on in

near forward scatter1ng

* The National Center for Atmospheric Research is sponsored by the

Nationa] Science Foundation.



The usual optical glory consists of a strong enhancement in near-
backward scattering of visible light from water dropltets with size

parameter B = ka 3,102

(k = waye“number;_a = drpp]et:radius). It
resu'ltsl’2 from a complicated interp]ay of sevefa] effects produced by
near-grazing incident rays, inc]udjng interference between diffracted
rays associated with”surface_wavesuand complex rays in the shedow of
high-order rainbows. | |

In any type of spherically symmetrjc scattering, a “g?ory ray" is
defined as a non-axial trajectory that emerges in the exactly forward or
ba;kwarq.ijection.J_G}ory scatterjng in_thjsﬂ;ense_prodq@es”an intensity
enhancement due to the ax1a1 focus1ng effect3 _:For the.refnective_
1ndex of water no rea1 g1ory rays of s1gn1f1cant 1ntens1ty (1 €.,
assoc;atedvntth a smal1 nnmber_pf 1nterne1.ref1ectjens) exjsté. _the__
effECt 15 due to comp1ex tragector1es N _. B | : -

_ Interference between forward g]ory rays and the forward d1ffract10n
neak 1eads to an osc11latory behav1or of the tota1 cross sect1on as a
fnnction of B This phenomenon, known as "g]ory undu1at1ons" or “g1or1f1ed
shadow » Was pred1cted4 and observed5 1n atom atom scatter}ng In order
to obtain an observable forward g10ry in M1e scatter1ng, severa1 cond1t1ons
must be met:

{i) the contributing paths should involve the fewest possib]e.
number of internal reflections in order to minimize the damping by
internal reflections and by absorption along the optical path inside the
spherex(associated:with tne_imaginary_part K pf.tne'complexhrefnactive
index N = n + iK);. o o

(ii) the paths should arise from near-tangential incident rays2



in order to. lose the 1east amQunt:Qf_energyﬁa;_eqch?in;erna]:ref]ectipn;_

(1i1) the effect must be 1arge:enqugh_tbﬂbe:seen over the intense
forward diffraction_peak,_whiph_norma]ly_swampssphésother‘conﬁributibns
to near-forward scattering.. . .. .. . .

The smallest number of internal reflections that can lead to a regj;
forward glory .ray is two, requiring a rea1_pgfrqctiye index n > 2._ For
n = 2, this corréspand; to tangential incidence and to an eqqi]atera]f:i;
triangle inscribed within the sphere. It is.the lowest “gqometrjcél.;Jj
resonan;e"G.__For,a_materia];wi;h.n;<z?,fthe triangle does not quiteua;¥
close, as shown in Fig. 1: therg_remajnqun_anguTar gap;c;tp_pe.bridggd;
by surface waves, given by - R e P

c=6sin(Im) -1, B 4 b

and amounting to approximately 16° for n.= 1.85, 10.59 for n = 1.90 and
50 for n = 1.95. | . |

That this gap is indeed.bejng,pridggd c§n}be-seen from Fig. 2,
which shows the exact Mie extinction efficiency Qext(N,B) for .
N=1.9+10"%4 and 500 < g < 505, compared to the asymptotic approximation

Q:it {N.8) derived,fnom:gomplex_qngularﬁmpmepiumJtheory7,_up_to H(sz),

as

excluding "ripple" contrjbutions._.The_Qifferenqq_gext - Qext~

does not .
show the usual irregular ripple f}gctua;ions:(apqrt,fromﬁsome minor
residual components), but.rather a_rggqlap,_near}yi§inusoida]_osqi]]atjqn.
This represents glory undulations, arising from interference between the

. forward diffraction peak and_forward_glqry_qonttibutions_of:thé type
illustrated in Fig. 1.

- The effect appears even more strikingly in Fig. .3, which shows the

exact Mie radiation pressure effiC??“CX;Qpr.(NaBl.iﬂ the same range .



along With'thé'asymbtdfit approximation 7't6mit§'3vefége'VaTuE”
< 'Q:i'(N,B)'>'6Vér an ‘interval Ag'E qi T

" In these examples the forward glory effect appears in an especially
pure form: interference with other terms in the Debye multiple internal
refTectioh'éiﬁan§ioh2“ﬁ§'démpéd dﬁt:byffhe”ﬁmagihéry index ¢. " We have
plotted many other sUCh'eiéﬁpTéﬁﬂfbf the ranges 1.8 < n'< 2.05,"

"’ 2, and 50 ¢ g < 1500. The forward glory oscillations

107 << 10
appear'Vek}”tféar?y in all Mie éfficiehbyffactofg,'inc]uding'thbse'fﬁﬁ'
scattering and absorption.  For smaller values of kg, the amplitude of -
the glory oscillations increases, but at the same time the admixturé =
with other ripple components becomes more evident;*péktiCUTarIy'?dr'the'
dbsorption efficiency. |

From théséwgréﬁhél the”pefidd'TSBjéie of the forward glory oscillations
can be estimated with an accuracy of the order of 0.001. “The theokefiéa]
expression for the period derived from complex angular momentum (CAM)

theory is

Table I shows a comparison between the theoretical period and that

measured'froﬁ:thé graphs.”’ Thé:égrééﬁent'iéﬂéitéTTénf. S

There are several possibilities for the experimental detection of
the forward glory effect. A variety of very dense 1iquids and ‘qlasses
have réefractive indices in'the range 1.8 < n < 2.0 with not tod large «,
so that either liquid droplets or solid ‘spheres may be employed, “Possible
experiments include: |

(a) Extinction: Accurate extinction measurements are difficult.

The most favorable range to detect the glory oscillations would be =



50 <B< 150, where the1r amp11tude reaches severa1 percent of Qext if-
-3

k < 10 4, dropping to <1% 1f kK > 107 In the case shown in F1g d the
relative amplitude is ~0.3%. | | - | | |

{b) Radiation pressure: Within the same range as th”(a); the

relative amplitude of the glory osciT1ations tn the radtatioo oressure
efficiency reaches up to ~20%, so that they shou]d be read11y detectab]e.
The radiation pressure may be accurate]y measured by Ashktn and D21edz1c S
beautiful 1ev1tat1on techmque8 | o | | | |

{c) Polarization in near- forward scatter1ng For scattertng
/3 o7 .

angles 8 << B and u = g9 not > 1, both scatter1ng amp1itudes tend':
to be dominated hy the well-known Airy pattern of Fraunhofer d1ffract1on
by a circular d1sc, Jl(u)/u (J1 = Besse] funct1on of order one),wh1ch
gives rise to the forward diffraction peak The forward g1ory polar1zed
amplitudes, ana]ogous]y to the backward g1ory onesz, conta1n one component
with the same Airy pattern behavior and another one w1th angu]ar dependence
given ber]'(u . Interference with the glory amp11tudes produces small
corrections to the Airy pattern, mainly in the form of a s1jght 1ntensaty
oscillation within the central Airy bright ring. - o
Polarization effects should be more read11y detected The forward
glory contr1but1on is strongly po1ar1zed w1th dom1nance of the e1ectr1c
(para]]el) component, as 15 character1st1c for surface wavesz. However,
because of the re1at1ve1y sma11 amp11tude (< B 2/3) of the g1ory contr1but1on
with respect to the (unpolarized) forward diffraction peak, one must
look for an interference effect between these'two.contributionet
The interference term in i] - i2 (11 = perpendicular po1artzed

intensity; 12 = parallel polarized intensity) is proportional to



Jz(u) J](u)/u, whereas i, + 1, is dom1nated by the Airy term [J {u) /u]

except near zeros of J,{u), where GTB 273,

terms contr1bute. It fo11ows
that the degree of polarization P = (i ]-12)/(i1+12) starts out from zero
at 9 = 0 and goes through a peak (posut1ve or negat1ve fo]]ow1ng the
glory osc111at1onsg) Just before van1sh1ng near o= 3. 83 Tfirst zero of
1( )], 1t then changes sagn in most cases, - going through another peak
of oppos1te sign short?y thereafter and then decreas1ng to go through
the next zero near u = 5,14 [f1rst zero of J (u ]

The forward gTory may therefore be detected by observang the two
po]ar1zat1on peaks of oppos1te signs in the range of 3 < B8 < 4.5 and
the1r character1st1c osc111atory dependenceg {Note that the tota1 h
1ntens1ty (1 + i ) is rather Iow near the peaks because this is the
regfon where the f1rst minimum in the A1ry d1ffract1on pattern occurs)
An examp]e of th1s behavior is shown in F1g. 4, "It shou]d be remarked
however, that not_a1] cases are as clear-cut as Fig. 4. Not infrequent]y
one of the peaks:n111 he very much smailer than the other one, or the"r
pattern for B+ ]/2(68)CAM will not look much like the sign- f11pped
version of the pattern for B. Therefore, if th1s test is to be usefu]
experihenta]ly, a large sample of B's wii] be requ1red, and one will ”
have to 1ook_at.the preponderance of evidence rather than isolated

examp1es

The foT]owing remarks apply to a11 three proposed exper1menta1 tests:

(i) The 51ze parameter f1uctuat1on AB in the exper1ment must be
<< 6B, the perfod of the g]ory osc1llat1ons, in order not to wash out

the 1nterference.



(1) The imaginary index « mUSt'be;SUChrthath6'<é:1ﬂt0 avoid v

strong absorption damping. |
“(§41) The value of 8 should be as small as feasible within the.
range 50 < B 5'Tﬁs“to'reduCéﬂéurféCerWave'damping of the ‘glory amplitude.

(iv) One may vary either the ‘wavelength X or the radius:a (by: |
evaporation of a droplet) to change B,'but in ‘the former case dispersion
should be weak enough to avoid ‘significant change:in n.-

The near-backward angular distribution in the proposed experiments
is also of interest. Indeed, as n -'2; the rainbow angle By of ‘the
primary bow approaches 6 180°, 'so that ‘the rainbow enhancement (of
ofdér'31[6)-combines with the axiaI-focdsing-enhancement (of“orderw81/2)
to give an overall backward enhancement 2 of order 82/3; this leads to
strongﬁbéckwafd3peakiﬁgjqbf"the'intensity;;.

The ‘next geometrical resonance (inscribed square G)foccurS'at*

n =/2. The correspondiﬁg forward glory, with period .

(58) Ly = 21/ (BWRE-1 420,

' =8 sin—1(1/n) - 2ny,
should have appreciably lower amplitude (primarily because of the extra
damping associated with an extra:dnternal reflection). :However, one may
lTook for it in the range 1.4 < n < 1,45, which is more readily accessible.
We have verified that the exaCt'degréé"of polarization P for n = 1.4
shows a pattern 1ike that of Fig. 4 and that the various efficiency
factors exhib1t53m00£h*bstilTatith”ﬁhose-period-isfﬁh excellent agreement

with (68)&AM ~ (0,8,
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Table I. Comparison between Glory Oscillation Periods

Predicted ‘by Mie Theory and by Complex Angular Momentum:Theory

neocoet 1,85 0 o Y90 ¢ 01,9500 022,00
R :'-(GB)CAHL: 0.6529 - :0.6361 0.6200 ::-0.6046" - -
--(GB)Mie ;0;653 0.636 ...0,620 - 0.604 " o




Fig. 1

Fig. 2

Fig. 3

Fig. 4

Cindex N = 1.9 + 10

Figure Captions

~Contribution to the forward glory due to-a tangentially .-

incident ray IT. The path C T G corresponds to a diffracted
ray that travels along CT as a surface wave. Portions of
surface wave paths can.a1sofbeidescribed:arounqu; A and B,
but the arcs: travelled must add up to ;=¢se£ -;n,fwhere

8, =_sinf1(1/n)_i; the critical angle.

Exact_(Qext) and asymptotic (int) Mie extinction efficiencies

for refractive index N = 1.9 + 104

i and size parameter
range 500 < B < 505.

Exaét (Qpr) and asymptotic (<Q;§>, averaged over Ag = m) Mie
radiation pressure efficiencies for refractive index
N=1.9+10"% and size parameter range 500 < g < 505,
Exact Mie percent polarization 100P vs. g8 for refractive

61 and size parameters g = 300 and

B + ]/Z(SB)CAM'z 300.318 (8 = scattering angle in radians).
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