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The temperature and angular dependences of single- and multiphonon inelastic incoherent neu- 
tron scattering (IINS) are considered. The partial cross sections and cross sections are calculated 
by solving the complete dynamic problem for a naphthalene crystal. Good qualitative agreement 
is observed between the total spectra and the results of IINS experiments at 5 and 80 K in the 
entire range of transfer of energy E to the neutrons (to 1500 cm- ') and at 296 K for ,52300 cm- '. A 
strong influence of multiphonon scattering at all temperatures is revealed at ~ 2 3 0 0  cm- '. A 
difference between the angular dependences of the ratio of the useful signal to the background at 
low and high energy is demonstrated and may prove to be useful in neutron spectroscopy experi- 
ments. The spectra of the single-phonon IINS are separated and the anharmonicity effects in the 
density of the phonon states are analyzed. 

PACS numbers: 61.12.Fy, 61.65. + d, 63.20.Dj 

1. INTRODUCTION 
Spectroscopy of inelastic incoherent scattering of neu- 

trons (IINS) of low energy, as a method of investigating the 
dynamics of molecular crystal, has intensively progressed in 
the past few years. Owing to the very large cross section for 
incoherent scattering by hydrogen atoms and to the low 
mass of the latter, this method is particularly useful when 
applied to hydrocarbons. The list of investigated subjects is 
therefore growing rapidly: naphthalene,14 benzene,' anth- 
r a ~ e n e , ~  biphenyl: he~ameth~lenetetramine,' polyethyl- 
ene: and others. By modern techniques one can obtain IINS 
spectra in a wide energy-transfer range (up to 3500 cm-' 
with the high-flux reactor of the Laue and Langevin Insti- 
tute8v9) and in a wide range of temperatures and scattering 
angles. 

Despite this great success in obtaining various experi- 
mental results, there has been no comparable decrease in the 
difficulty of extracting information on the phonon spectrum 
of the crystal. The scattering spectrum, usually measured by 
the time-of-flight method, is the result of an integral convo- 
lution of the scattering cross section with the instrumental 
function of the apparatus, in the form 

N ( t ,  T, cp) =dnC(~,  rp, E )  m F ( t ,  E) ,  (1) 
where dnc describes the total cross section for IINS as a 
function of the energy transferred to the neutrons given the 
temperature Tand the scattering angle p, F ( t , ~ )  is the instru- 
mental function of the spectrometer, and t is the time of 
flight of the neutron over a fixed distance. ' The sought quan- 
tity is the cross section ul ,  of the incoherent'' single-phonon 
process, since this function is most directly connected with 
the density g(w) [more accurately, with the density G H(w) 
weighted over the squares of the zero-point oscillations of 
the hydrogen atoms] of the phonon states of the ~ r ~ s t a l . ' ~ - ' ~  

Thus, in the quantitative interpretation of the IINS 
spectra we encounter two problems: 1) separation, from the 
experimental spectrum N (t ), the part N"'(t ) due only to sin- 
gle-phonon process, and 2) establishment of the connection 

between a, and the spectrum N"'(t ). 
The first problem pertains to the general problem of 

analyzing the structure of the phonon wings that accompany 
zero-phonon lines in the emission, absorption, or scattering 
spectra of various particles (photons, y-ray or x-ray quanta, 
electrons, neutrons, etc.). Phonon expansion, as a method of 
solving this problem, was initially formulated in fact for 
IINS,1'.'3 but was not developed further there. At the same 
time, it was successfully used to obtain information from 
phonon wings in optical ~ ~ e c t r a . ' ~ ~ ' '  As for the experimental 
IINS spectra, it is usually assumed that they are single- 
phonon, although the need of taking multiphonon process 
has been occasionally mentioned. 

Definite progress was made in the solution of the second 
problem by using the method of the direct spectral problem.' 
In this method, the cross sectionsu, and the spectra N "'(t )of 
single-phonon IINS can be calculated on the basis of the 
dynamic model. By comparing these spectra with the experi- 
mental ones one can assess the degree to which the single- 
phonon approximation is sufficient and how well the dy- 
namic problem was solved. 

The object investigated in greatest detail by inelastic 
neutron scattering method is the naphthalene crys- 
ta1.'4,6.'622 It was shown that at a temperature 5 K the cal- 
culated spectra of single-phonon coherent and incoherent 
neutron scattering agree with the experimental one with ac- 
curacy not worse that 10-15% for the band positions and 
20-30% for the intensities. With rising temperature, the ex- 
perimental IINS spectra change noticeably, and their agree- 
ment with the calculated single-phonon harmonic spectra 
becomes worse. The phonon anharmonicity and multi- 
phonon scattering should be regarded as the main causes of 
their variation. As shown re~ently, '~ the main anharmonic 
effect in the phonon spectrum of the naphthatlene crystal, 
even at high temperature, is the strain due to the thermal 
expansion of the crystal, and can be taken into account in the 
quasi-harmonic approximation. 

The satisfactory description of the temperature-in- 
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duced frequency shifts notwithstanding, the spectra N"' of 
the single-phonon IINS still agree poorly with the experi- 
mental ones.' This disparity is most noticeable in the high- 
frequency region, where the experimental spectra show an 
appreciable growth of the integral scattering intensity with 
rising temperature. This behavior of the spectra raises the 
question of allowance for multiphonon scattering processes. 

In the present paper, multiphonon scattering of neu- 
trons (MPNS) is considered within the framework of the di- 
rect spectral problem1 for the naphthalene crystal, using the 
complete 108-mode phonon spectrum calculated in the en- 
tire energy range (0-3100 cm-') of their existence.16 The 
problem was solved for the first time on the basis of an exact 
expression for the MPNS cross section. The hitherto avail- 
able calculations of the MPNS spectra (e.g., Ref. 23) were 
approximate and used simplified models of the phonon spec- 
trum. 
2. MULTlPHONON SCATTERING CROSS SECTlON 

For MPNS calculations it is convenient to use the 
phonon expansion of the incoherent-scattering cross section, 
which takes in the harmonic approximation the form {see, 
e.g., Ref. 24) 

1 h exp (-tiojq/2kBT) 

{N,  C Iq 
1-exp (-hojq/kBT) ! % H I 2  

~ [ e x p ( - i o ~ , ~ )  + exp (iojq=) ] (2) 

where F, is the Debye-Waller (DW) factor for the hydrogen 
atom H, 

1 AIQej$12 Aojq 
eth -1 FH=exp[-~x 2MHoiq 2 b T  ' 

Here N, is the number of unit cells in the crystal, Q = k - k, 
is the change of the neutron momentum, while wjq and e: are 
the frequency and polarization vector of the jth phonon 
mode with wave vector q for the H atom. The remaining 
notation is ~tandard. '~ 

The mean squared displacement of the H atom is writ- 
ten in the formZ5 

A 1 ftoj, 
= -z ejqH (ejqH) . - cth - =uH', (4) 

~ N , M H  ojq 2 k ~ T  
19 

as a result of which expression (3) can be reduced to the form 

19 

where 7: is the angle between Q and the vector of displace- 
ment of the atom under the influence of the phonon (jq). 

Expanding exp( ... ) in (2) in a series, integrating the re- 
sultant expression, and replacing the sum over q by an inte- 
gral over reciprocal space 

where u is the volume of the unit cell, we obtain the doubly 
differential cross section represented in the form of a sum of 
the scattering cross sections: elastic a, and inelastic-single- 
phonon a, and a series of multiphonon a,: 

L ( W , + 1 )  (%+I) (%+I) ,(v j dq. dq2 dq3BJ383 { 6 
.u 

etc., where 

The f signs in the S functions preceding wi correspond to 
processes with phonon creation and annihilation. 
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3. CALCULATION OF THE llNS SPECTRA 

The results that follow were calculated by the following procedure: 

Lattice dynamics Scattering cross section Scattering spectrum 

ajq, ejsH -07, , N"" ( t )  

I 

The frequencies wjq of the 108 phonon modes of the 
naphthalene crystal and the polarization vectors e: were 
obtained by solving the harmonic (at 4.7 K) and quasi-har- 
monic (at 293 K) dynamic problems at 7600 points of the 
Brillouin zone, using the BENZ2' program.25 We used the 
"6-exp" interatomic-interaction potential with the Williams 
parameters26 and the structure data for 4.7 K (see Ref. 17) 
and 296 K (Ref. 27). 

The scattering cross sections a, for n = 1,2, and 3 were 
calculated from Eqs. (6H8) as applied to polycrystals. The 
calculation becomes more complicated with increasing n 
and at n>4 it takes too much computer time to be realistic. 
The calculations for such n were therefore made in the Sjo- 
lander approximation.28 This approximation is based on the 
fact that by convoluting n times a function of arbitrary form, 
we obtain for the energy at large n a Gaussian (central limit 
theorem of probability theory) with a mean value E and a 
variance A, which are n times larger than the mean value and 
variance of the energy for the initial function. 

The cross section for MPNS in the Sjolander approxi- 
mation is written in the form 

k 1 
0 ,  = - ( a ~ )  'FH eerp (EHo/AnZ)- o (zH, rH), 

ko AH 

The values of EH and A, for the naphthalene crystal at 
78 and 293 K are listed in Table I. It can be seen that with 
rising temperature the mean value and variance of the ener- 
gy, which determine the MPNS, vary very strongly, with 
A,  > EH everywhere. It follows from the last circumstance 
that the MPNS cross section in the Sjolander approximation 
is a rather smooth function of energy. Therefore, as will be 
shown below, the use of this approximation turns out to be 
most justified when processes are described starting with a 
sufficiently large phonon content. For small no, its use leads 
to incorrect results. 

A serious problem in the calculation of the scattering 
cross sections is the calculation of the DW factors for inelas- 

TAFLE I. Temperature dependence of the mean squared displacements of the hydrogen atoms 
[in A'] and of the mean values and variances of the energy [cm- '1, which determine the MPNS in 
the Sjolander approximation, for a naphthalene crystal. 

Number of molecules Number of atoms 4.7 18 293 
in unit cell 
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tic processes in polycrystalline samples. Expressions (5)-(8) 
are valid for scattering from a single crystal. For scattering 
from polycrystalline samples it is necessary to average over 
the sample orientations. It  is difficult to solve this problem in 
the general case, and the isotropic approximation is custom- 
arily used, in which the DW factor does not depend on the 
orientation of the sample and is equal, for any n-phonon 
process, 

Therefore in this approximation the averaging of the quanti- 
ty 

which depends on the sample orientation, leads to the ap- 
pearance of a coefficient (1/3)" in on. As applied to the naph- 
thalene crystal, the isotropic approximation can be regarded 
as good in view of the low anisotropy of the ellipsoid of the 
thermal vibrations of the atoms. The mean squared displace- 
ments of the hydrogen atoms were calculated in accord with 
(4) over the entire phonon spectrum. The obtained values of 
u& are listed in Table I. 

The results that follow were compared with the IINS 
spectra of a naphtalene crystal, obtained with the KDSOG-1 
spectrometer.' The MPNS spectra were therefore calculated 
with account taken of the instrumental function of just this 
instrument. This function falls off practically to zero at ener- 
gy transfers E )  1500 cm- ' (Ref. 1). Consequently the MPNS 
spectra were calculated in a region bounded by this value on 
the high-energy side. The calculations reported were made, 
unless otherwise stipulated, in energy steps of 1 cm-'. Ac- 
count was taken of all the possible phonon creation and anni- 
hilation processes. 

The results have shown that the IINS spectra depend on 
temperature and on angle. It is convenient to consider these 
dependences separately. 

4. TEMPERATURE DEPENDENCE OF THE SCATTERING 
SPECTRA 

The temperature dependence of the MPNS spectra was 
considered for scattering through an angle 90". The cross 
section for single-phonon IINS from a naphthalene poly- 
crystal at three temperatures, calculated in accord with (6),  is 
shown in Fig. 1. The spiked structure is due to the structure 
of the density of states of the phonon spectrum of the crys- 
ta1.16 With increasing temperature the cross section in- 
creases in the region to 150 cm- ' (at 293 K the cross section 
in this region is decreased in Fig. 2 by a factor 5) and de- 
creases for E > 300 cm-l, since it is acted upon, according to 
(6) by two opposing factors. The first is that the phonon po- 
pulation (mostly of low frequency) increases with tempera- 
ture, and the second, the Debye-Waller factor, decreases 
exponentially, since the atom displacements increase (see 
Table I). At energies -200 cm-' these competing factors 
cancel each other, and the cross section remains constant 
from helium to room temperature. 

FIG. 1 .  Calculated cross sections of single-phonon IINS from a naphtha- 
lene crystal: a-293 K; b-78 K; c 4 . 7  K. Scattering angle 909 

FIG. 2. Calculated spectra of single-phonon IINS: a-293 K, b--78 K, 
c 4 . 7  K; scattering angle 90'; N, is the number of the time-analyzer 
channel (64psec); N ( t  ) is the intensity of the scattered neutrons. 
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FIG. 3. Calculated two-phonon IINS spectra: a-293 K, b--78 K, c 4 . 7  
K; scattering angle 90'. 

The single-phonon IINS spectra are shown in Fig. 2. It 
can be seen from the figure that with increasing temperature 
the integrated scattering intensity increases and becomes re- 
distributed in favor of the low-frequency spectrum. 

The cross sections for two-phonon IINS, calculated in 
accord with (7), are shown in Fig. 3. Their structure differs 
radically from the single-phonon scattering cross section: 
the number of peaks is considerably larger, they are broader, 
and the spectrum occupies a continuous energy band. The 
two-phonon IINS spectra are shown in Figs. 4, a-c. It can be 
seen from the figure that in the 500-1500 cm-' region the 
contribution of the two-phonon scattering relative to the 
maximum intensity amounts to 2&30% of that of the single- 
phonon scattering at the temperatures 4.7 and 78 K, and 
even exceeds it at 293 K. 

FIG. 4. Calculated spectra of multiphonon IINS through 90": a,b,c-two- 
phonon spectra at 293, 78, and 4.7 K, d-multiphonon spectra: 1--scat- 
tering spectra with n from 4 to 15; 2,3,Gthree-phonon spectra at 
T = 293,78, and 4.7 K. 

The three-phonon IINS cross sections were calculated 
in accord with (8). To shorten the computer time, energy 
steps of 25 cm-' were used. Control calculations with 1 
cm- ' steps have shown that the results are accurate enough. 
The three-phonon IINS spectra at different temperatures 
are shown in Fig. 4d (curves 2,3, and 4). The intensity of the 
three-phonon scattering at 4.7 K is negligibly small. At 78 
K, relative to the intensity maximum, the three-phonon 
scattering in the high-energy region is - 10% of the single- 
phonon scattering, and the spectrum is practically without 
structure. At 293 K the three-phonon scattering is compara- 
ble with the two-phonon scattering in the region of the inter- 
nal modes, and is small in the region of the external ones. 

The computational difficulties that increase with in- 
creasing n made an exact calculation of the scattering cross 
sections at n)4 impossible; these cross sections were there- 
fore calculated in the Sjolander approximation ( 10). It 
turned out that at 4.7 and 78 K the contribution from these 
multiphonon processes is negligibly small. The MPNS spec- 
trum at 293 K is shown in Fig. 4d (curve 1). As seen from the 
figure, its intensity is quite large and is comparable in order 
of magnitude with the sum of the two- and three-phonon 
spectra. The MPNS cross sections for the processes with 
n> 16 have an amplitude less than 1 % of the single-phonon 
cross section. 

The end result of the calculations are the spectra of 
IINS from a naphthalene crystal at various temperatures, 
shown in Fig. 5 and constituting the sum of the single- 
phonon and multiphonon spectra. The darkened regions in 
this figure show the summary spectra of the MPNS with 

FIG. 5. Calculated IINS spectra with allowance for the single-phonon and 
all the multiphonon processes: a-293 K, b 7 8  K, c 4 . 7  K. Scattering 
angle 90'. Blackened regions-MPNS spectra. 
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n>2. It can be seen from the figure that at 4.7 K the MPNS 
has low intensity, so that the summary spectrum is in prac- 
tice single-phonon. The same conclusion can be drawn also 
for the low-frequency part of the spectrum at 78 K. At large 
energy transfers, however, the MPNS contribution is com- 
parable with the single-phonon one. At 293 K the MPNS 
predominates in this region and makes a noticeable contri- 
bution also to the low-frequency spectrum. As can be seen 
from Fig. 5 the MPNS spectrum in the energy-transfer re- 
gion up to 300 cm- ' has no distinct structure and constitutes 
in the summary scattering spectrum only a background base 
for the single-phonon, remaining everywhere smaller in in- 
tensity. In the region E 2 400 cm- ', a structure is observed in 
the MPNS spectrum, in the form of peaks of width compara- 
ble with the widths of the peaks in the single-phonon scatter- 
ing spectrum. The position of one of such peaks, comparable 
in intensity with the single-phonon ones, is marked by an 
arrow in Fig. 5. 

5. ANGULAR DEPENDENCE OF THE llNS SPECTRA 

The angular dependence of the cross sections for n- 
phonon scattering are determined by a factor that is propor- 
tional to Q 2" and by the isotropic DW factor (1 1) which does 
not depend on n. Naturally, the scattering cross sections, 
and hence also the scattering spectra, will vary differently at 
different temperatures as functions of the angle (or of Q '). 
For the temperatures 4.7 and 78 K the angular dependence 
of the total spectrum is determined mainly by the angular 
dependence of the single-phonon scattering spectrum. At 
293 K, as follows from the foregoing, we cannot confine our- 
selves to such a dependence, and account must be taken of 
the angular dependence of the MPNS intensity. 

Figure 6 shows the angular dependences of the total and 
single-phonon IINS spectra at 293 K. It  can be seen from the 
figure that the scattering spectrum varies differently at ener- 
gies E smaller and larger than 300 cm- '. In the low-frequen- 
cy region of the spectrum the angular dependence is deter- 
mined by the changes of the single-phonon spectrum. In this 
energy region, the Q ' are small, so that the DW factor is close 
to unity, therefore the change of the spectrum intensity is 
determined by the pre-exponential factor Q ' [see Eqs. (6) and 
(9)]; an increase of Q ' on going from a scattering angle 30" to 
150" increases the intensity by almost five times. 

In the region E > 400 cm- ', the values of Q ' are already 
comparable with l / u i ,  so that the increase of the intensity 
in the single-phonon spectrum, due to the increase of Q ', is 
overlapped by the action of the DW factor, leading to a de- 
crease of the spectrum amplitude. The MPNS intensity in- 
creases in this case, since the increase of the factor Q 2" in 
expressions (7)-(9) at n>2 prevails over the exponential de- 
crease of the DW factor. Because of the opposite signs of the 
intensity changes of the single- and multiphonon spectra, the 
intensity of the total spectrum at E > 300 cm-' changes by 
not more than a factor of two in the considered angle inter- 
val. 

From the angular dependence of the IINS spectra 
shown in Fig. 6 follows an important conclusion concerning 
the comparison of the experimental and calculated spectra 

FIG. 6. Calculated IINS spectra at T = 293 K for different scattering 
angles: a-150", b-90", c-30". Lower curves-single-phonon spectra, 
upper-total spectra. 

in the case when the former are the sum of the spectra for 
scattering through different angles. The best situation in this 
case will be one at which the calculated spectrum is also the 
sum over the angles. The calculated and experimental spec- 
tra of the IINS from a naphthalene crystal at 80  K were 
compared in this manner.' If, however, MPNS must be con- 
sidered, the calculations become very cumbersome and con- 
sume much time. A good approximation in this case is com- 
parison of the calculated spectrum of the angle 90" with the 
total experimental spectrum measured for a set of angles 
consisting of pairs symmetric about 90" (e.g., 150 and 30°, 
110 and 70", etc.). The intensity of the calculated spectrum 
should be multiplied by the number of angles from the set. 
The equality of the doubled cross section at 90" and the sum 
of the cross sections for the symmetric angles for the single- 
phonon spectrum follows from expressions (6) and (9) for F, - 1. Inasmuch as the single-phonon spectrum predominates 
in the low frequency region of the total spectrum, replace- 
ment of the sum of paired spectra by double the spectrum at 
90" seems accurate enough. The validity of this conclusion 
for the IINS spectra of napthalene at 293 K was verified in 
the present paper by direct calculation. 

6. COMPARISON OF CALCULATED AND EXPERIMENTAL 
DATA 

The IINS spectra of a naphthalene crystal were mea- 
sured by us earlier by the time-of-flight method with a 
KDSOG-1 inverse-geometry spectrometer on the IBR-1 
reactor in the neutron-physics laboratory of JINR at tem- 
peratures 5 (Ref. 4), 80, and 296 K (Ref. 1). The total trans- 
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I Inner modes Outer modes Elastic peak 1 

FIG. 7. Experimental IINS spectra of naphthalene crystal: 
a-296 K, b-- 80 K, c-5 K. 

mission of neutrons by the sample was 80%. The spectra 
were recorded at scattering angles 50,70, 110, 130, and 150" 
at 80 and 296 K and at angles 30, 50,70,90, 110, 130, and 
150" at 5 K. To improve the statistics, it is customary to sum 
the spectra measured at different scattering angles. Such 
summary scattering spectra are shown in Fig. 7. The spectra 
were corrected for the background from the cryostat and 
normalized to equal sample mass and equal measurement 
time. In accordance with the foregoing, they can be de- 
scribed as a sum of seven 90"-scattering spectra at 5 K and a 
sum of four 90"-spectra and one 150"-spectrum for 80 and 
296 K. Since scattering through 90" predominates in the ex- 
perimental spectra, we shall compare them with the calcu- 
lated spectra for 90". 

The calculated MPNS spectra shown in Fig. 5 were ob- 
tained for single scattering of the neutrons in the sample. 
This raises the natural question: what is the fraction of the 
multiple scattering under the considered experimental con- 
ditions? No such calculations were performed for crystals 
with a complicated atomic cell structure. We have calculat- 
ed for the first time the spectrum of single-phonon binary 
scattering in the direct spectral problem, using the method 
proposed in Ref. 29 to calculate the scattering cross section, 
for a naphthalene polycrystal with the geometric dimensions 
described in Ref. 4 (transmission 80%, scattering angle 90"). 
The intensity of the spectrum at T = 5 K is negligibly small 

in the low-frequency region and reaches - 1 % of the intensi- 
ty of single scattering in the high-frequency region. With 
increasing temperature, the intensity of double single- 
phonon scattering increases by approximately three times 
because of the growth of the phonon states. The question 
remains of the value of the double MPNS. Owing to the dif- 
ferent power-law dependences of the individual MPNS com- 
ponents on Q 2", such a calculation is very complicated. In 
the subsequent comparison of the calculated and experimen- 
tal data multiple scattering was not taken into account. 

From a comparison of the experimental and calculated 
IINS spectra (Figs. 5 and 7) it can be seen that at 5 K the total 
calculated scattering spectrum accounts sufficiently well for 
the details of the structure and for the intensity distribution 
observed in experiment. As noted also earlier,'.4 the IINS 
spectrum at this temperature is practically single-phonon, 
and this causes the clearly pronounced structure both in the 
low- and in the high-frequency region. 

When the temperature is raised to 80 K, the changes 
that take place in the experimental spectrum can be easily 
tracked also in the calculated one. The total intensity and the 
background intensity increase in the energy region 100 cm- ' 
and higher; as seen from Fig. 5, this is apparently due to 
MPNS. 

At 296 K, the agreement between the experimental and 
calculated data is noticeably worse. The calculated spectrum 
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FIG. 8. Single-phonon IINS spectrum obtained from the experimental 
one by subtracting the MPNS spectrum: a-296 K, b--80 K, c-5 K. 

agrees well with the structure of the experimental spectrum 
in the region of high energy transfers ( ~ 2 3 0 0  cm-I), con- 
firming the assumption made earlier' that MPNS plays an 
important role in this region. However, whereas the scatter- 
ing intensity in the experimental spectrum is approximately 
the same at all energies, in the calculated spectrum the low- 
frequency region is twice as intense. 

Analysis of the temperature and angular dependences 
of the calculation results has made it possible to separate in 
the low-frequency region from the total experimental data 
the spectra of the single-phonon IINS, as the differences 
between the experimental and approximating MPNS spec- 
tra (see Fig. 8). As shown earlier,' the structure of the single- 
phonon IINS obtained with the KDSOG- 1 inverse-geome- 
try spectrometer accounts well in the low-frequency region 
for the structure (namely, for the position of the singulari- 
ties) of the density of the phonon states of the crystal. As a 
result, Fig. 8 shows the change of this structure when the 
temperature is raised, a change due to the phonon anhar- 
monicity. When the temperature is increased from 5 to 80 K 
the scattering spectrum hardly changes structure and only 
shifts towards low frequencies. This behavior is typical of 
quasi-harmonic phonons, as can be seen from a comparison 
of spectra b or c with spectrum a in Fig. 2. It corresponds to a 
uniform (Aw/wzconst) softening of the phonon frequen- 
cies, due to thermal expansion of the crystal.22 When the 
temperature is raised to 296 K the spectrum not only contin- 
ues to soften but is also noticeably restructured. This res- 
tructuring reveals a nonuniform variation of the phonon fre- 

quencies over the spectrum, as a result of the intrinsically 
anharmonic shifts." In contrast to the investigation of tem- 
perature effects in individual phonon modes in coherent neu- 
tron scattering, analysis of the temperature dependence of 
the spectra of the single-phonon IINS makes it possible to 
establish the limits of applicability of the quasi-harmonic 
description and the role of the intrinsic anharmonicity in the 
total phonon spectrum of the crystal. 

Noticeable anharmonicity of the naphthalene-crystal 
phonons can be the cause of the indicated disparity in the 
distribution of the intensity in the calculated and experimen- 
tal IINS spectra at high temperature, because no account 
was taken in the calculations of the corrections to the DW 
factor and to the factor ((Qu, 1'"). 

7. CONCLUSION 

So detailed a study of the processes of multiphonon and 
multiple scattering turned out to be possible for a naphtha- 
lene crystal because it was recently the principal object of an 
extensive program of experimental and theoretical investi- 
gations of the dynamic properties of molecular crystals. As 
in the preceding cases dealing with the development of meth- 
ods of phonon-spectrum calculations,'6 detailed neutron- 
spectroscopy re~earch,',~." and others, the results obtained 
for this crystal in the present paper can be generalized and 
lead to a number of important practical (from the point of 
view of performing experiments and processing their results) 
and physical conclusions, which can be applied to a large 
class of crystals without the need for complicated and time 
consuming computations. 

It follows from an analysis of the temperature depen- 
dence that at temperatures comparable with or lower than 
the Debye temperatures (T, - 100 K for naphthalene), the 
IINS spectra are with good degree of accuracy single- 
phonon up to large (-700 cm-') values of the transferred 
energies. Multiphoton scattering is assuming a noticeable 
role at T >  T,, and increases rapidly at high frequencies, 
becoming predominant there at T-  3 T, . 

On the basis of this conclusion it becomes possible to 
determine the MPNS spectra also for crystals whose dynam- 
ics has not been sufficiently well investigated for a detailed 
theoretical analysis analogous to the one presented above. If 
we bear it in mind that the low-temperature IINS spectrum 
is single-phonon it is possible, separating the "experimental- 
ly weighted density of phonon states" (Ref. 4), to calculate 
the MPNS spectrum at any temperature. When a similar 
procedure is used it becomes unnecessary to know exactly 
the instrumental function of the spectrometer. In the analy- 
sis of the temperature of the MPNS, only the anharmonicity 
of the phonon will not be taken into account. 

In conclusion, the authors consider it their pleasant 
duty to thank I. Natkaniec, I. P. Sadikov, and A. A. Cherny- 
shev for helpful discussions in a discussion of the results. 
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2'The authors take the opportunity to thank Dr. R. Righini for placing the 
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