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Using a holographic two-beam set-up, thick refractive-index gratings are recorded in photopolymers based 
on poly(methyl-2-cyanoacrylate). We demonstrate diffraction of cold neutrons from these gratings, a property 
reported hitherto only for photopolymer systems based on poly(methyl methacrylate). Applying both 
methods, neutron and light diffraction experiments, we have succeeded in separating the contributions of the 
light-induced density and refractivity modulations to the change in light-optical refractive index. © 1997 
Elsevier Science Ltd. 
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I N T R O D U C T I O N  

Interest in holographic recording materials has grown in 
the last years, in particular in those suitable for record- 
ing volume phase holograms. Photopolymers have been 
found to be very attractive for holographic storage 
and production of holographic optical elements because 
of their high sensitivity, ease of preparation and self- 
development capability I . 

One of  the most intensively investigated photopolymer 
systems for optical storage is based on poly(methyl meth- 

2 3  acrylate) (PMMA) ' . The photochemical mechanism of 
the formation of  the refractive index pattern in PMMA is 
due to photopolymerization of  residual monomers giving 
rise to a photoinduced diffusive mass transport. This 
results in a mass density modulation which contributes 
not only to a modulation of the light-optical refractive 
index but also of  the neutron-optical refractive index. As 
a consequence, holographically written gratings diffract 

4 5  neutrons similarly to light ' . 
Another family of  organic materials for holographic 

storage comprises the poly(alkyl-2-cyanoacrylates) 6-1°. The 
chemical formulae of the monomer methyl-2-cyanoacrylate 
(MCA) and of the polymer poly(methyl-2-cyanoacrylate) 
(PMCA) are shown in Figure 1. The very reactive MCA 
is a well-known basic component of commercial adhe- 
sives. The monomer is usually polymerized by an anionic 
mechanism, but free radical polymerization is also pos- 
sible 11 . Polymerization starts, for example, when alkyl-2- 
cyanoacrylate is placed between glass plates with small 

* T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  be  a d d r e s s e d  

amounts of water or other bases present on the surfaces. 
The scheme of the chemical reaction is discussed in refs 
12 and 13. 

The photorefractive mechanism of PMCA is still under 
debate. Either it is assumed to result from chain scis- 
sion o r - - a s  for P M M A - - f r o m  photopolymerizat ion 
of residual monomers.  Pinsl et al. 14 give two reasons in 
favour of  the latter model: (1) holograms in poly(alkyl- 
2-cyanoacrylates) continue to grow in the dark, which 
indicates continuing chain growth by monomer diffusion; 
(2) they found a discrepancy between the measured refrac- 
tive index change and the one calculated from the observed 
absorption changes using the Kramers -Kronig  relation. 
Both arguments are rather indirect and, in the latter case 
one might object that only a small part of  the absorption 
spectrum was evaluated. While a mass density modula- 
tion should be negligible in the case of the other model, 
the photorefractive mechanism proposed by Pinsl et al. 
necessarily implies a strong density modulation. It is 
therefore possible to decide between the above models by 
neutron diffraction experiments, as they provide informa- 
tion on the light-induced density structures which, on prin- 
ciple, cannot be solely obtained from light diffraction. 

Another motivation for this work is a general interest 
in new materials with improved characteristics for neu- 
tron diffraction from light-induced structures. It is fed 
by the attractive perspective that neutron optical devices 
could be produced by light-optical means. As we would 
thereby profit from the high standard of  light-optical 
technology, any arbitrary refractive index pattern could 
be produced by choosing suitable wave fields during 
hologram recording. 
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Figure 1 
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T H E O R Y  

Wherever it is necessary to distinguish between quanti- 
ties referring to light or neutrons in the following, we 
will label them with an index L or N, respectively, and 
quantities referring to monomers and polymers with an 
index m or p, respectively. 

Holographic recording 
In our model we consider a polymer matrix playing the 

role of  a sponge and some residual monomers filling it. 
Initially the total polymer system is homogeneous. The 
number density of bound monomeric units (monomers 
in a polymer chain) is then defined by Np = Wpp/M, 
where p is the density of the total polymer system, Wp = 
mp/(mp + ram) the mass fraction of polymer, m m and mp 
are the masses of the monomer and the polymer por- 
tions, respectively, and M is the molecular mass. The 
number density of free, i.e. mobile residual monomers 
can be defined analogously. 

Assuming linear response of the photorefractive medium, 
the sinusoidal interference pattern of two coherent plane 
light waves 

I(0)(1 + mcosK.r) (1) 

acting on the medium generates a change 

6Up(0) + 6Up(K) cos(K, r + 6) (2) 

of the polymer density. Here I(0) is the average intensity, 
m the modulation degree, K the grating vector, IK I = 
2rr/A the spatial frequency, A = tL/2nL sin 0~ the period 
of the grating, t L the wavelength of light in vacuum, nL 
the refractive index for light, 0B the half-angle (Bragg 
angle within the medium) between the propagation 
directions of both waves, and ~b accounts for a possible 
phase shift between refractive index and light intensity 
pattern. In the linear recording range assumed here we 
have 6Np(K)= g(K)I(K), where I(K) is the Fourier 
component of the light intensity with spatial frequency K 
and g(K) the response of the medium. 

The pertinent complementary change of the number 
density of the residual monomers is given by 

6Nm(0 ) + 6Nm(K ) cos (K,  r ÷ ~) 

= - [6Np(0) + 6Np(K) cos(K,  r + O)] (3) 

As the density of the monomer is lower than that of the 
polymer ll, the effective volume occupied by a monomer 
is larger than the one occupied by a monomer unit of  the 
chain, which means that photopolymerization increases 
the free volume in the illuminated areas. This triggers 
relaxation processes. Provided that the sample contains 
sufficient residual monomers, diffusion will be domi- 
nated by residual monomers, because their mobility is 
larger than that of the polymer chains. The diffusion 
processes tend to fill up the free volume and average out 
the spatial modulation Nm of the monomer density. The 

final result is a modulation of the density p and hence of 
the total number density N = p/M - N m + Np: 

~N(O) + 6N(K) cos(K, r + O), (4) 

where ~N(0) is the change of the average density, 6N(K) 
the amplitude of the modulated number density. 

We assume that the relation between the light-optical 
refractive index and the total density N - N m + Np can 
be described by the Lorentz-Lorenz  relation: 

n [ -  l _ u / ~  (5) 
n 2 + 2 

The average refractivity of the polymer is given by 

i~ : (1 -- wp)R m + wpRp (6) 

where R m and Rp are refractivities of the monomer and 
the polymer, respectively. 

Photopolymerization induces a change 

(n[ + 2) 2 
6nL(K) 6 n ~  [RmcSXm(K) -k Rp6Np(K)] (7) 

of the refractive index for light. 
For cold neutrons there is no difference between free 

monomers and monomers bound in a polymer chain; i.e., 
we would have R m = Rp for a quantity analogous to the 
refractivity. Therefore the amplitude of the refractive 
index change for neutrons is simply proportional to the 
number density change 6N = 6Nm + 6Np and is given by 

A 2 
6nN(K) ~ 5~b6N(K) (8) 

Here b denotes the coherent scattering length of a mono- 
mer unit and )'h the neutron wavelength. 

D(ff)'action 
Plane wave diffraction of light from thick gratings is 

described by the coupled-wave theory 15 and of neutrons 
by the dynamical diffraction theory 16. For  the Laue 
case the diffraction efficiency is given by 

q = Tu 2 sin 2 V/72 + (2 
/,2 -I- ~2 (9) 

The parameter u - rrdcSn/t cos 0B measures the strength 
of the grating and { = 7rAOd/A the deviation from the 
Bragg angle, where d is the thickness of the grating and 
A0 is the difference between Bragg angle and angle of 
incidence within the medium. Depending on the type 
of radiation considered, the appropriate light-optical 
or neutron-optical material constants have to be substi- 
tuted for the refractive index n and its change 6n as well 
as for the extinction constant c,. Note that only u and 
the transmission T = exp(-c~d/cosO) depend on these 
material constants and on the wavelength, but not the 
parameter  (. This is the reason for the similarity of 
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light-optical and neutron-optical rocking curves, i.e. 
curves obtained by recording the diffraction efficiency as 
a function of the angle of incidence. Internal angles 0 
have to be calculated from the measured external angles 

with the appropriate average refractive index nL ~ 1.5 
for light and nN ~ 1.0 for neutrons. The maximum 
diffraction efficiency 

~/(0) = Tsin 2 u (10) 

is found for exact Bragg incidence, i.e. for ~ = 0. 
As mentioned above, the equation for the diffraction 

efficiency is only valid for coherent plane waves. Neutron 
diffraction experiments are, however, always performed 
with more or less incoherent sources, which leads to a 
smearing out of  the rocking curves; i.e., the rocking 
curves are convoluted with the spatial frequency and 
wavelength spectra of the source. Typically, we work at 
small angle neutron scattering (SANS) facilities with a 
beam divergence of  about /N~ ~ 1 mrad and a wave- 
length distribution of/NAy/AN ~ 10%. Though the latter 
seems to be large, its effect corresponds only to an 
equivalent angle of  divergence of the order of  0.1 mrad; 
i.e., the effect of  temporal incoherence is usually neg- 
ligible in comparison with the effect of lateral incoher- 
ence. Let us therefore postpone the problem of  the small 
correction for the effect of  wavelength distribution. 

A possible way to evaluate the data is to calculate the 
convolution over the angular distribution function. This 
procedure is rather cumbersome, because additional 
information on the beam properties of  the neutron scat- 
tering instrument is required. As we are only interested in 
the parameter u, which contains all information on the 
light-induced density change 6N(K), there is a much 
easier way, namely to calculate the integral diffraction 
efficiency (integrated reflectivity) 

~/= J ~/d~ = ~ -  [ r/d0 ,~ 7 w / ( 0 ) .  (11) 

from the data, which is the diffraction efficiency inte- 
grated over the whole rocking curve. The advantage is 
that the integral diffraction efficiency no longer depends 
on the lateral coherence properties of the instrument. 
The relative error of  the approximation on the right- 
hand side of  the above equation is less than 7 × 10 3 for 
values up to u = 1. 

As in our case the integral diffraction efficiency for 
the neutrons remains smaller than l0 2, we use 

approximations 

and 

- X ,d0  = TN[1 + h] ANbd 6 N(K) 

(12) 

(13) 

The transmission factor T N = e x p ( - ~ N d  ) accounts for 
elastic, inelastic and incoherent neutron scattering loss 
processes and absorption; i.e., aT = O~N/N is the total 
scattering cross-section. 

In the last expression we have included a usually 
negligible correction h = ( 1 / 6) (A AN/AN) 2 which accounts 
for averaging over the wavelength distribution. Thereby 
we have assumed a triangular distribution with central 
wavelength AN and relative half-width /NAN/AN, an 
assumption which is appropriate for the velocity selector 

of the SANS instrument V4 at the Hahn-Meitner-Institut 
Berlin 17. 

Perhaps we should note, finally, that the density modu- 
lation calculated from equation (12) means the r.m.s. 
value in inhomogeneous gratings and that, using the 
value of u evaluated by the procedure just described, we 
could in principle deduce the beam properties of the 
instrument by fitting the rocking curves to the angular 
distribution functions. 

E X P E R I M E N T A L  

Methyl-2-cyanoacrylate monomer (MCA), containing a 
small amount of  anionic polymerization inhibitor, was 
received from Loctite Corporation and used without 
further purification. The u.v. and visible light sensitive 
photoanionic initiator, potassium reineckate, having the 
chemical structure K[Cr(NH3)2(NCS)4 ], was prepared 
under dim red light conditions according to the literature 
procedure~8; this material has previously been shown to 
be an efficient photoinitiator of cyanoacrylate polymer- 
ization ~9. We prepared solutions of  MCA with photo- 
initiator concentrations between 200 and 375 ppm. The 
solution was poured into a small cuvette consisting of 
two 1 mm thick glass slides and a spacer. The spacer was 
a flexible PVC tube, permitting compensation for the 
volume contraction during polymerization. Polymeriza- 
tion was initiated by squeezing the cuvette. Typically we 
obtained solid polymer blocks with an area of 2 × 2 cm 2 
and a thickness of about 1 mm. 

Gratings with grating periods between 200nm and 
2 # m  were written at the wavelength A = 351.1 nm of an 
Ar + ion laser using a conventional two-beam inter- 
ference set-up in symmetrical arrangement. The laser 
beams were expanded in order to illuminate the whole 
area of the sample nearly homogeneously. During record- 
ing the sample remained in the cuvette and was exposed for 
60 s with a total intensity of about 350 W m -2. 

The grating periods of the samples were determined by 
light diffraction with A c = 488 nm or 351 nm. To that 
purpose the angle 20B between the + 1st and -1 s t  order 
peaks was measured and the grating period was cal- 
culated from Bragg's condition. 

The experiments with neutrons were carried out on the 
SANS instrument V4 at the research reactor of the 
Hahn-Meitner-Institut in Berlin. We used a beam of 
cold neutrons (AN = 1.4nm) with a collimation length 
of 16 m, corresponding to a divergence of 1.8 mrad. The 
samples were placed behind a cadmium diaphragm on 
a rotary table. The neutrons were counted by a con- 
ventional two-dimensional multidetector at a sample 
detector distance of 16 m. 

Transmission measurements were made for some 
PMCA samples at several (central) wavelengths between 
0.5nm and 2nm. For  the diffraction experiments the 
samples were mounted on a rotation stage with its ~ axis 
vertical to the plane of incidence. The rotation angle 
between the beam axis and the normal to the sample 
surface was varied between -5 .5  mrad and +5.5 mrad in 
steps of  0.25 mrad. The grating vector Kwas  in the plane 
of incidence, nearly perpendicular to the neutron beam. 
In order to obtain a sufficient neutron count rate with a 
statistical error of less than 1% for a wavelength distri- 
bution of  /NAN/A N = 9% (at A N = 1.4nm), an acquisi- 
tion time of about 15 20min for each angular setting 
was chosen. 
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RESULTS 

The samples were investigated by optical diffraction 
measurements. The main characteristics of  some repre- 
sentative gratings are summarized in Table 1. Figures 2 
and 3 show the diffraction for the first-order peak of 
samples 2 and 5 with grating periods AL = (276 ± 4) nm 
and A L = (2.05 + 0.02) #m, respectively. 

Samples 1, 2 and 3 were also investigated by neutron 
diffraction experiments. As an example, Figure 4 shows 
the essential part  of  the detector matrix with the neutron 
scattering pattern of  sample 2 at the angle of incidence 

= +2.51 mrad,  which is the angle of  the + l s t  order of  
Bragg diffraction. We recognize a well-resolved Bragg 
peak on the right side of  the primary beam which is 
blocked by a beam stop. A similar peak occurs on the left 
side of  the primary beam for the angle of  incidence 
c~- - - -2 .51mrad  of  the - l s t  Bragg order (not shown 
in the figure). Both Bragg peaks appear  at the detector 
elements corresponding to the angle of  emergence 
expected from the spacial frequency K = 2 7 r / A ~  
23#m -1. They disappear on violation of the Bragg 
condition, i.e. for cJ ¢ ±2.51 mrad. The angular differ- 
ence between the peak positions (see Figure 5) agrees, 
within the error margins, with the grating spacing of 
A = 276 nm. 

The rocking curve of sample 2, i.e. its diffraction 
efficiency as a function of the angle of  incidence ~, is 
shown in Figure 5 for AN = 1.4 nm. The data are cor- 
rected for detector sensitivity, signal noise and back- 
ground. The positions of  both maxima correspond to the 
+ l s t  order diffractions of  a grating with 278 nm ± 6nm 

Table 1 Results of light-optical diffraction measurements ( d -  
thickness of the sample; A L -grating period determined by light 
diffraction; r~(0) - efficiency of light diffraction measured at AL -- 
488 nm (except for sample 1, where AL = 351,1 nm); 6hi, = amplitude of 
the index of refraction) 

S a m p l e  d ( ram)  A L (nm)  ~/L(0) ( % )  6nL 

I 1.2 206 28 0.5 x lO 4 
2 1.3 276 77 1.0 × lO 4 
3 1.3 276 57 0.8 × 10 4 
4 1.4 353 11 0.3 × 10 4 
5 1.2 2050 94 1.7 x 10 4 

periodicity in accordance with the result of  light diffrac- 
tion measurements. The peak efficiency reaches 0.1%, 
but the heights of  the i l s t  Bragg peaks differ by about  
20% for reasons not yet understood. 

The 1.3mm thick sample 2 has a transmission of 
apporoximately 44% for neutrons with a wavelength of 
14A. We carried out a series of  transmission measure- 
ments on several PMCA samples with and without the 
grating as a function of the neutron wavelength varying 
between 0.5rim and 2nm. The first two columns of 
Table 2 summarize the results. 

D I S C U S S I O N  

Light diffraction 

Unlike previous work (e.g. ref. 14), we induce holo- 
graphic gratings in PMCA by anionic photopolymeriza- 
tion and reach diffraction efficiencies of  nearly 30% at 
grating spacings of  about  200 nm, nearly 80% at about  
300 nm and more than 90% at about 2#m.  Therefore 
PMCA can be considered as a holographic recording 
material of  high efficiency as well as high resolution. The 
maximum refractive index changes are 10x 10 -5 
at 276nm, practically the same as found for PMMA, 
where we measured for example, 8 x 10 -5 at 350 rim. The 
examples given in the table indicate, however, that the 
procedure by which photosensitive samples are produced 
may lead to results which scatter up to 50% in terms of 
refractive index change. 

Similar to PMMA,  we observe well-resolved side lobes 
in the rocking curves for large grating spacings (Figure 
3), as expected from equation (9). The angular difference 
between two side lobes corresponds to the sample thick- 
ness. However, there is nearly no structure around the 
Bragg angle for small grating spacings (Figure 2). The 
curves are much broader than those predicted by the 
theory for ideal gratings. As for PMMA, we assume that 
these features come from grating distortions and inhomo- 
geneities in the sample which lead to a dephasing in the 
diffracted wave field. 

Neutron d(ffraction 
The most prominent result of  our investigation is that 

photoinduced gratings recorded in PMCA exhibit rather 
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Figure 2 Efficiency of light diffraction as a function of the angular deviation A0 from the Bragg angle (within the medium) for a grating with 
A = 276nm in PMCA (sample 2) 

2302 POLYMER Volume 38 Number 10 1997 



Holographic gratings in PMCA. R. A. Rupp et al. 

strong neutron diffraction, regarding the fact that the 
polymer is not deuterated. The maximum efficiency for 
PMCA at AN = 1.4nm is 0.5%0, whereas we find under 
similar conditions only 0.2%0 for PMMA 5. Thus PMCA 
is not only the second photopolymer system found to 
exhibit a photorefractive effect for neutrons, but also the 
more interesting one in view of  possible neutron-optical 
devices and applications. 

Three reasons can be put forward to explain the 
comparatively large neutron diffraction efficiencies of 
PMCA. The first one is the large coherent scattering 
length of the monomers which enters the diffraction 
efficiency quadratically. For  the long wavelengths used in 
our experiments, the coherent scattering length b = ~ibi 
of  the monomer molecule is simply the sum of  the 
coherent scattering lengths b i of all pertinent nuclei 
labelled here by the index i. Using data of ref. 20 for the 
nuclei we obtain b = 14.92 fm for methyl methacrylate 
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Figure 3 Efficiency of light diffraction as a function of the angular 
deviation A0 from the Bragg angle (within the medium) for a grating 
with A = 2.05 #m in PMCA (sample 5) 

(MMA), but b = 35.50fm for MCA, because three 
protons of one of the methyl groups of MMA are 
replaced in MCA by a nitrogen nucleus which has a large 
positive scattering length. The second reason is the lower 
incoherent scattering cross-section cri. Its value is o i = 

402 x 10 28m2 for MCA, but cr i = 642 x 10 28 m 2 for 
MMA, which results in a higher transmission TN of  
P M C A - - a t  least theoretically. The third one is the fact 
that an appreciable density modulation exists in PMCA. 

In order to deduce the density amplitude ~SN(K) from 
the data we calculate the integrated diffraction efficiency 
r/ and evaluate from it the diffraction efficiency in the 
coherency limit, rN(0)/TN ~ 0.9%. Temporal  incoher- 
ence changes this value only in the range of some 10 3, 
which is negligible. 

The grating spacings AN calculated from the results of 
neutron diffraction experiments (Table 3) are system- 
atically somewhat larger than those determined from 
light diffraction experiments. The possible origin may be 
a systematic error of about 2% in the calibration of 
the monochromator  of the SANS instrument, since the 
neutron wavelength is nowhere near as precisely deter- 
mined as the laser wavelength. In the same way the 
relative errors (~3%)  for the grating spacings AN from 
the neutron experimental data (right column in Table 3) 
are smaller than the relative wavelength distribution 
AAN/AN = 9%. They are determined rather by the 
accuracy of the central wavelength AN itself than by 
its shift (< [AAN/AN] 2) owing to the quadratic wave- 
length dependence of  the diffraction efficiency (see 
equation (12)). 

Photorefractive mechanism 
Without any doubt, the gratings from which neutrons 

and light are diffracted have the same origin, because the 
grating spacings determined by light and neutron dif- 
fraction agree within the error margins (Table 3). The 
fact that there is neutron diffraction is a clear proof  
of the existence of a density grating. With the value 
r/N(0)/TN ~ 0.9% we obtain a modulation amplitude of 

n e u t  

C O I l ]  

800 

Figure  4 N e u t r o n  counts  in 1300 s (vert ical  axis) ou t  of  9 × 106 incident  neu t rons  for a sect ion of  the de tec tor  ma t r ix  a r o u n d  the suppressed p r ima ry  
beam in a th ree -d imens iona l  p lo t  wi th  the sample  set a t  the angle  of  incidence w = +2.51 mrad ;  the Bragg  peak  occurs  on the r ight  side of  the 
suppressed  p r i m a r y  b e a m  (AN = 1.4 nm, angu l a r  beam divergence  Aw = 1.8 mrad ,  AAN/A N = 9%, sample  de tec tor  d i s tance  s - 16 m, size of  de tec tor  
e lements  A x  = Ay = 1 cm). The  hor izon ta l  x-axis  of  the de tec tor  was conver ted  to m o m e n t u m  t ransfer  q = 2mY/SAN 
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Figure 5 Neutron diffraction efficiency divided by sample transmission vs angle of incidence w for sample 2 (optically determined grating period: 
A = 276 n m +  4 nm) for cold neutrons (A N - 1.4 nm, Aw -- 1.8 mrad, AA N/A N - 9%). The full line denotes the diffraction efficiency for the + 1 st order 
peak and the broken line that for the - I  st order peak. The neutron diffraction efficiency was corrected for the scattering count rates at large Bragg 
mismatch, for the sensitivity of the detector matrix, background noise and transmission 

Table 2 Neutron transmission measurements at room temperature 
(A N = neutron wavelength; ~x - measured total scattering cross-section; 
c* a = calculated absorption cross-section; a i = calculated incoherent 
scattering cross-section; Art = difference between the measured total 
cross-section and the latter two contributions) 

A N (nm) c~ T (barn) aa (barn) cr i (barn) /Xa (barn) 

0.5 497 10 402 85 
1.0 737 20 402 315 
1.4 898 28 402 468 
2.0 1128 40 402 686 

Table 3 Comparison of grating periods measured by light diffraction 
(AL) and neutron diflYaction (AN) 

Sample A L (nm) A N (nm) 

1 (206 ± 4) (216 ± 6) 
2 (276 ± 4) (278 ± 6) 
3 (276 ± 4) (280±6)  

the neutron refractive index o f6n  N = 3.5 × 10 8 at AN = 
1.4 nm and a density ampli tude o f  

(SN(K) = ~Nm(K ) + ~Np(K) = 3 × 1024m 3 (14) 

F r o m  equat ion (9) we obtain 6nL = 1.0 x 10 4 and 
f rom equat ion (7) we calculate 

RmON m (K) q- Rp~Np(K) = 6nL~nL/(n 2 ÷ 2) 2 

= 5 . 0  × 10 -5 (15) 

F r o m  the refractive indices n m = 1.443 and np = 1.50, the 
densities Pm = 1 .1gcm 3 and p p =  1 .3gcm 3 o f  the 
m o n o m e r  and the polymer  11, and the molecular  mass 
M = 111 g, we deduce the values R m = 4.5 × 10-29m 3 
and Rp = 4.2 × 10 29 m 3 for the m o n o m e r  and polymer  
refractivities. Then we obtain finally, f rom equat ions 
14 and 15, the absolute values o f  the density modula-  
tions: 6Np(K)=2.8  × 1025m -3 and ~Nm(K ) = - 2 . 5 ×  
1025m -3 for K = 2 3 # m  -1. 

We can cross-check this result by a reasoning based on 
the free volume hypothesis.  I f  polymer  diffusion can be 
neglected, the density ampli tude ~SNp(K) arises only due 

to photopolymerizat ion o f  monomers  and creates a 
modula t ion o f  the free volume f V r / V =  7.6 × 10 4, 
where Vf is the free volume and V the unit volume. As 
the volume occupied by one M C A  molecule is 1.7× 
10 -28 m 3, the maximum number  density o f  M C A  mol- 
ecules which can be fitted into this free volume is 
6Nmax = 4.5 × 1024m 3. Compar ing  this with equation 
(14), we find that the free volume generated by the photo-  
polymerization process is occupied, with fN/6Nma × = 
75%, by monomers .  As many  quantities in our  estimation 
are not determined with the precision required, there may 
be an error of  approximately 20%, i.e. the fraction o f  the 
free volume occupied by diffusion of  free monomers  is 
between 55% and 95%. 

Nevertheless, by using the results of  light and neutron 
diffraction, we have obtained a satisfying, consistent 
picture of  the photorefractive mechanism. Initially, photo- 
polymerizat ion generates an ant±phase modula t ion  o f  the 
polymer  and the m o n o m e r  density 6Np = - 6 N m  = 
3.0 x 1025 m -3. At the same time there is a free volume 
modula t ion  fVr /V  = 2.6 × 10 10, because the volume 
occupied by a m o n o m e r  unit in the polymer  chain is 
about  17% smaller than the one occupied by a residual 
monomer .  At this time there should be no neutron dif- 
fraction as the total density (SN is zero and the 
initial refractive index amplitude, totally determined 
by the refractivity change, should be ~Snt. R = - - 1 . 8  × 
10 -4 . Subsequently,  relaxation processes 'set in. We 
assume that  they are domina ted  by diffusion of  resi- 
dual monomers .  They essentially fill up the light- 
induced free volume and generate an excess 
modula t ion  ampli tude 6 N ( K ) =  3× 1024m 3 of  the 
density measured by neutron diffraction. The pertinent 
density-determined contr ibut ion to the refractive index 
change is ~nLN = +2.7 × 10 4. Both contr ibut ions add 
up to the refractive index change 6n L = 1.0 × 10 4 
measured by light diffraction. 

Neutron transmission 
Total  scattering cross-sections CT per m o n o m e r  

unit, determined for cold neutrons in the range between 
0 .5nm and 2nm,  are given in Table 2 together with 
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absorp t ion  and incoherent  scattering cross-sections using 
da t a  f rom ref. 20. I f  we sub t rac t  the la t ter  con t r ibu t ions  
f rom ~r T we ob ta in  a res idual  con t r i bu t i on  Act which 
canno t  be expla ined  by the small  a m o u n t s  o f  inh ib i tors  
and  p h o t o i n i t i a t o r  present  in the sample.  The  res idual  
con t r i bu t i on  increases  l inear ly  wi th  increas ing neu t ron  
wave length  and  m a y  arise e i ther  f rom coheren t  
sca t te r ing  induced  by noisy  dens i ty  s t ructures  in the 
po lymer ,  f rom inelast ic  sca t ter ing  2~'2~, or  f rom both .  

C O N C L U S I O N S  

O u r  exper iments  d e m o n s t r a t e  the poss ib i l i ty  o f  p r o d u -  
cing p h o t o i n d u c e d  gra t ings  in P M C A  with  g ra t ing  
pe r iods  down  to 2 0 0 n m  by an ionic  p h o t o p o l y m e r i z a -  
t ion.  Di f f rac t ion  o f  co ld  neu t rons  f rom these grat ings,  
r epo r t ed  here for  the first t ime,  c lear ly  proves  the exist- 
ence o f  a dens i ty  gra t ing  and  is the key for  an under-  
s t and ing  o f  the pho to re f rac t ive  mechan i sm.  The  final 
dens i ty  m o d u l a t i o n  results  f rom two steps. Firs t ,  illu- 
m i n a t i o n  causes r epo lymer i za t i on  o f  res idual  m o n o m e r s  
which induces  a l igh t -op t ica l  refract ive index gra t ing  
due  to the difference in refract ivi t ies  as well as a free- 
vo lume  grat ing.  The  second step consists  o f  a r e l axa t ion  
process  in which  the m o n o m e r s  occupy  the free vo lume 
by diffusion,  thus  crea t ing  a dens i ty  grat ing.  The  first 
step, i.e. the gene ra t ion  o f  a l igh t -op t ica l  refract ive 
index gra t ing  wi thou t  a s imul t aneous  dens i ty  grat ing,  is 
still a hypo thes i s  which has to be checked  in fu ture  
exper iments .  In  o rde r  to check the mode l  fur ther  it is 
h ighly  desirable to find out  whether  the light and  neutron 
refractive index gra t ings  fo l low the same re laxa t ion  
dynamics .  

The  process  in P M C A  seems to be s imilar  to the one in 
P M M A ,  as does  the o rde r  o f  m a g n i t u d e  o f  the process.  
However ,  the neu t ron  opt ica l  ma te r i a l  cons tan ts ,  i.e. the 
coheren t  sca t ter ing  length  per  molecule  and  the to ta l  
c ross-sec t ion  for  losses, are bet ter ,  which makes  P M C A  a 
p romis ing  mate r i a l  for future  app l i ca t ions  in neu t ron  
optics.  
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