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Abstract 

Recent results from the inelastic incoherent neutron scattering spectra of 
hexamethylene tetramine obtained on a new neutron spectrometer, TFXA, are 

reported. It is shown that the relative intensities of molecular 
i ne 1 ast i c bands, amongst themse 1 ves, are to first order unaffected by the 
scatteri ny strength of the samp ·l e. As the samp 1 e scattering strength 

increases some slight degradation in the spectral quality occurs, and this 
is more apparent at higher energy transfers. These effects are related to 

the factors controlling momentum transfer oh this type of spectrometer. 
It is suggested that sample scattering strengths in considerable excess of 

those usually allocated could be used in future for similar experiments. 



I , Introduction 

In neutron spectroscopy the point of departure for interpretation is the 

well known scattering law, S(_Q_,w). It is generally held that neutrons 

\~hich under~o more than one scattering in the sample complicate spectral 

analysis, which is usually done in terms of the one phonon aiJproximation 

[1]. Three fields of neutron scattering have been influential in the 

deve 1 opment of our understandi ny of multi scattering. These are; the 

dynamics of -lhjuids [2-S], the dynamics of solids [6], and a"lso 11 low 

Kappa 11 methods for the study of vibrational spectroscopy [7]. In each of 

these fields multiple scattering has been a problern and methods have been 

developed to reduce its influence. 

These methods can be classified under two general headings: initially, 
11 experimental 11 methods and ultimately, "correctiona -l" methods. Thus low 

scattering strength samples are investigated. Typica"lly the samples 

scatter only 10% of the incident neutrons. These samples may be provided 

with interna-l absorbin~ plates to discri1ninate against unwanted scattering 

vectors. If these experimental methods are inap~licable, or unsuccessful, 

recourse can be had to the calculation of detailed corrections. In this 

context the use of Monte Car-lo f)rograms [5,8] or calcu -lations after 

Vineyard [1-4] may be attempted. Such calculations r24uire some 

reasonable estimate of the S(Jl,w). This is especially true of tt10se 

scattering laws that show continuity in ener::Jy, w, e.g. the study of the 

dynamics of liquids. If the data is discontinuous (i.e. the study of 

vibrational modes) the fina-l corrections are usually insensitive to the 

form of S(_g_,w), and so its initial estimate. In this latter case hovJever 

rnultiple scattering events must not significantly change the magnitude of 

the neutron momentum transfer vector~· In spectrometers with small final 

neutron energies the value of _g_ is insensitive to the scattering ang-le but 

is determined principally by the energy of the mode being studied, 

provided that this is of significant eneryy transfer. Such spectrometers 

are therefore ideally suited to the study of vibrational modes. 

In this paper we ref)ort results obtained from hexamethylene tetramine over 

a wide range of sample scattering strengths. We shal I show that, to first 

order, there are no differences between the derived scattering laws. 
Therefore present spectrometer count rates can be immediately increased 

witn no attendant degradation in spectral 4uality. 
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II Multiple scattering theory 

In general for strong scattering samples, neutrons will emerge after 

several scattering events. Such processes are very difficult to model and 

we shall limit ourselves to the study of the intensities of first and 

second order scattering; In, n = 1,2. The function I2 has contributions 

from three distinct sources, namely, double elastic events, double 

inelastic events, and e'lastic-inelastic events. Although I2 should not 

have strong contributions from double inelastic events it is not clear, a 

priori, that the relative intensities of inelastic bands will be 

unaffected by multiple scattering. Such effects might be anticipated 

because of the different proportions of elastic-inelastic to inelastic­

elastic events (sic). 

The geometry of the experiment is described as follows; the sample is 

taken to be an infinite slab of thickness, t. A well collimated beam of 

neutrons of wave vector !.a and a uniform current density 10 neutrons per 

cm2 per steradian per second is incident along a direction normal to the 

surface of the sample. The wave vector of neutrons that emerge from the 

sample and proceed towards the analyser is l_. This makes an angle 

8(=135°) with the slab normal. The scattering law of the sample is taken 

to be a series of delta functions. Let us assume that two scattering 

events occur at A and B respectively. The incident neutron is first 

scattered at A when it changes its energy from E0 (=112k~/2m) to E1 (=h 
2k 1 2/2m) and proceeds along l_'. In second scattering at B it changes its 

energy from E' to E (=hk2/2m) and emerges from the sample in the direction 

of k. Where hib_ (= l_1 -!_a) and hJl2 (= l_ -l_1
) are the momentum transfers 

and h WJ. = E 1 
- E0 and h ~ = E - E 1 are the energy transfers at the two 

scatterings respectively. The trajectory of the neutron can be described 

using a spherical co-ordinate system with its pole along the inward slab 

normal. The vectors _k, l_ and the slab normal are coplanar and the 

azimuthal angle <1> is measured from this plane. The directions of !.n• k 1 

andl_are given by polar angles (0,0), (8 1
,<j>

1
) and (e,O) resl)ectively. At 

first scattering, neutrons can be scattered in any direction (i.e. 81
, <j>

1 

can take any value) within the sample, the scattering angle will be 81
• 

With a given (8 1
, <j>

1
), for neutrons to emerge in direction (e, <j>) after 

second scattering, the scattering an9le at second scattering should be S 

such that 
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cos a = cos a• cos a - sin e• sin acos ~ (1) 

Using a method developed by Vineyard and later workers [2-4,9] it can be 

shown that the first and second order scattered currents 11 and 12 are 

given by 

E Nos 
a[l - ( JJo- \!Sec e)t J sec - e 

I 1 ( Q, w) = Io I S( Q, w) (2) 
Eo 41T [~-\!Sec a] 

E Nos 
'11' 2'11' 

I2( Q, w) = Io I - fdE' f Sin a• d a• F ( a, a• ) Jo S(Ql,wl)S(Q2,~)d~ (3) E 4'11' 0 0 

where \10 , \1 1 and \1 are the tot a 1 macroscopic cross sections for the 

samples at neutron energies of E0 , E' and E respectively. Also nQ(=nQ1+n 

Q2) and hw(=i'l~+h(l}z) are the total momentum and energy transfers aner two 

scatterings. 

In the above expressions, N is the number of scattering centres per unit 

volume of the sample and os is the bound atom scattering cross section of 

the scattering nuclei. S(Q,w) is the scattering law of the sample. The 

functions F ( a, a•) correspond to f E:( a, a•) in reference 3. 

Multiple scattering calculations were produced for idealised spectra. 

These were taken to have an elastic component and three inelastic bands. 

The total scattering IT (=1 1 + I2) was calculated in the region of these 

peaks for various thicknesses. These calculations are com~ared with 

results later. We assume that the neutron scattering can be described by 

a scattering law of the type: 

S ( Q, w) 

where 

h 

M.w. 
1 1 

(4) 
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and 

m 
= I 

i =1 

2 
<U·> 1 

Here Q0 and Qi•s stand for the wave vector transfers corres~onding to the 

elastic and inelastic peaks. M; and Wj are the effective mass and the 

vibrational frequencies of the i 1 th oscillator. Three oscillator 

frequencies were se 1 ected as being representative of the spectrum, they 

were chosen at energy transfer 5.2 me V, 47 me V and 64 me V. The total 

scattering 1T (= 11 + 12) of the thinnest sample (t = 0.13 C!n), for 

several values of the masses, M; was calcua"lated. These calculations 

require a knowledge of the total cross-section <Jr· We have used, Of= 710 

barns/molecule. This value of or was obtained from our transmission 

measurements. The transmission measurements (see experiment a 1 section) 

also showed that or does not vary with energy in the energy region of 

interest. The calculated IT reproduces the measured spectrum with M1 = 

115, M2 = 46 and M3 = 48. {We regard these va 1 ues as parameters of the 

model scattering law and do not give them physical meaning.) This model 

of the scattering law was used to compute IT for the other thicknesses. 

Ill Experimental 

(a) The Spectrometer 

The neutron inelastic incoherent scattering {NIIS) spectrum was obtained 

on the inverse geometry time focused crysta 1 analyser spectrometer (TFXA) 

on the spallation neutron source ISIS, at the Rutherford Appleton 

Laboratory, UK. 

The spectrometer has been constructed with a time focusing geometry [10] 

which is described in detail elsewhere [11]. Energy analysis is provided 

by two pyrolytic graphite crystals, set at a mean backward scattering 

angle of 135°. The combination of the time focusing and separate eneryy 

sorting of the BF 3 gas detectors provides good energy transfer resolution 

from a few mill ielectron volts (meV) energy transfer to several hundred 

meV. The elastic resolution is "'300 ~volts. Energy calibration is 
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obtained from the relative positions of the elastic line and known 

i ne 1 ast i c features of some standard sarniJ 1 es [11]. The uncertainty in 

energy transfer, tfT, is llET/ET "" 2% upto energy transfers of 500 meV. 

The momentum transfer shows little variation from detector to detector and 

is a function of the energy transfer; ti( A- 2) ""Er(meV)/2. 

At eneryy transfers greater than a few me V tfT is dorni nated by the 

uncertainty in the flight path of the neutrons; the major comtJonent being 

the effective detector thickness (nominal physical size "" 2.!54 ems). 

Therefore anj variations in typical sample size and effective thickness 

due to multiple scattering events are expected to have only a nominal 

effect on resolution. 

(b)Transmission measurements 

A 1 mm thick cadmium mask with a central hole, 10 mm diameter, was mounted 

behind the sample. Spectra in monitor M2 (f)laced after the sample) were 

recorded first with the sample and then wi ttl the empty can in the beam. 

These spectra ~-Jere normalized with respect to the incident spectrum. The 

transmission as a function of neutron ener~y was obtained from the ratio 

of the normalized spectra. This procedure was checked against a more 

conventional transmission measurement. In this case a pencil ray of 

neutrons (1 mm in diameter), of >.. = 1.0 A, was transmitted through the 

thickest sample. The results of the two measurements produced the same 

transmission value at 1 A. 

(c)Sample Preparation 

Hexamethylenetetramine (HMT), 11 gold labe-1 11
, was obtained from the Aldrich 

Chemical Co, London; and used without further purification. Measurements 

have been made for samp 1 e thicknesses of 0.13, 0.19 and 0. 54 cm. These 

samples incoherently scatter 17%, 24% and 54%, respectively, of the 

incident neutron beam, calculated at 2!5 meV (<1t-J (2!5 meV) = 3!5 barn, [14]) 

(d) Data Analysis 

All . the spectra were normalised to the incident monitor spectrum, 

transformed to the scattering law, S(Q,w) and to an energy transfer scale 

in me V. 
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IV Results and Discussion 

The individual S(Q,w) of the HMT sample (17K) are shown in Fi~ure 1. They 

are consistent with previously published spectra [12] We see 

immediate-ly that the spectra are self consistent, i.e. there are no new 

bands in the spectra of thick samples compared with those from the thin 

sample. What is observed is that the total detected number of counts per 

ener!:)y division is dramatical-ly increased. This overall increase can be 

emphasised by calculating a ratio of· the different scattering ·laws. This 

is the ratio, R(w)d 

S( Q, w) d 

R(w)d = S(Q,w)o.13 

where d is the thickness. The functions R(w)d are shown in Figure 2 for 

the thicknesses .19 and .54 cm. Also shown on the same figure is the 

spectrum for the thinnest sample. The general increase in the signals is 

seen to be 1.4 and 3.2 respectively. 

The first ratio function, R(w) 0•19 , is quite flat and unstructured. Thus 

demonstrating that samp-le scattering strengths up to 25% provide spectra 

which are true representations of the single scattering spectra. 

Conventional wisdom from other neutron scattering techniques would 

indicate that this is unusual. The apparent contradiction is resolved 

when it is realised that the results are related to the spectrometric 

method. 

In inelastic spectrometers with low final neutron energies the momentum 

transfer vector is determined by the vibrational mode being investigated 

(i.e. t~e energy transfer). At significant energy transfers, above say 40 

meV, it is irrelevant at what an~le the first scattering event occurs. 

Therefore after first scattering early within the sample all subsequent 

elastic scattering events do not influence the derived scattering laws. 

(This is simple multiple scattering). Moreover by working with the samp-le 

in reflection both scattering processes can achieve their saturation 

limit. 
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The effect of two i nel ast i c scattering events becomes important as the 

sample thickness increases. Such contributions occur in those regions of 

w where the density of oscillator states is significant. We should expect 

this to be visible in the 0.54 cm thick sample (54% scattering). 

Inelastic scattering from a vibron, followed by another inelastic 

scattering event (vibron or ~honon), will give rise to structure in R(w)d. 

Thus at w .... 45 meV, where R( w) 0•54 .... 2 one of the two scatterings was 

probably an elastic event. Whereas in the region of w ..... 60 meV, R(w)u. 54 
..... 3.2 and the increase from 2 to 3.2 has a substantial contribution from 

two inelastic events. The first gap in the density of states is above the 

external modes and below the internal modes, and corresponds to the 

observed 11 dip 11 at ea 40 meV in R(w)o.S4• A second, ·less depleted gap 

occurs at about 95 meV [12]. Therefore the continued increase in detecteg 

flux as samp 1 e strength increases, is due to those neutrons whi eh excite 

firstly an internal vibration and subsequently excite another vibration, 

either a phonon or a vibron (this is multiple phonon scattering). This 

should not be confused with single scattering events that generate several 

phonons; multi phonon scattering. 

It can be seen that the thickest sample does not produce the same spectral 

quality as the thinnest sample. This spectral degradation is more 

apparent for the high energy transfer region. This undoubtedly results 

from the multiple phonon scattering. Neutrons are being detected at 

energies removed from the vibron transition energy. However this 

degradation is never so bad as to reduce the spectrum, even of the 

thickest sample, to noise. 

We have also investigated the influence of scattering strength on the 

observed width of spectral bands. The intense feature at 47 meV is a good 

candidate for this investigation. This band is assigned to "1.6, a 

deformation mode of the carbon-nitrogen skeleton. The width of the '1.6 
band in HMT is the narrowest reported for an NIIS spectrum, 11.5 cm-1 

[12]. Our spectra from the samples of different scattering strengths were 

normalized at their peak heights and overp.lotted. This is shown in Figure 

3. It is seen that there is no dramatic increase in band width. Rather a 

slight broadening at the base. The subtraction of two normalised spectra 

(strongest minus weakest) is also shown in Figure 3. Here the differences 

at the base have been strongly emphasised. We may conclude that to first 

order the widths of spectral bands are independent of scattering strength. 
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The natural width of "1. 6 band can be estimated by removing the 

instrumental contribution. The instrumental width, llw, in this spectral 

region is calculated to be llw = 6.8 cm-1• The measured bandwidth, FWHr~ 
(for d = 0.13) llwv16 = 8.3 cm- 1 Therefore the natural width of this band 

m v16 , can be estimated to be tfl "16 ~ 4. 8 cm - 1• 

Although the R(w) function is flat, for w > 100, the individual spectra 

appear above a genera l 'ly higher 1 eve ., for stronger scatterers. Therefore 

weak, broad, features will become more difficult to differentiate in this 

spectral region as the sample scattering strength increases. 

We shall now discuss the resuHs of our calculations. The ratios of the 

calculated intensities of the selected frequencies, are shown plotted in 

Figure 4. Also shown in the same figure are the observed ratios. 

Although the number of selected frequencies was small the comparison of 

calculation with experiment is excellent. Only three calculated points do 

not fall immediately on the observed curves, and these can be explained. 

The first point is Rcalc( uz 5)0•54 • In the observed spectrum the uz 5 band 

sitting on a broad multi phonon level. Unfortunately our model of the 

external density of states is a delta function at utl = 5.2 meV. If a more 

realistic density of states had been used the value of Rcalc( "25)0.54 

would have been larger. The remaining two points are Rcalc(2"16)0•54 and 

Rcalc("16 + vzs)o.54· Because our calculations do not consider the 
possibi'lity of phonon wings [13], the peak intensities fall at the zero 

phonon 1 i ne frequency. In rea 1 systems however, especially at 1 arge Q, the 

principa ·l intensity of an internal mode will be at about "i + nuu [13j. 

The production of a single '1.6 is associated with relatively low Q and 

hence the main intensity in weak scatters is at the zero phonon line. 

However the first "16 vibron to be created in a muHiple scattering double 

vibron excitation requires relatively high Q. Therefore Rca ·lc(2"1G)U.54 

actually corresponds to Robs(2'1.G + nut))u. 54 , with n ~ 2 or 3, and the 

compa~ison again becomes excellent. 

Our calcu'lations suggest the following simple model for the change from 

simple multiple scattering to multip -le phonon scattering. Firstly the 

dominant scattering process involves the excitation of a vibron. 
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r-1 

Therefore the final ener~y of the neutron wi 11 be relatively low. 

Secondary elastic scattering process, originarly insignificant for weak 

samples, begin to appear as the scattering strength increases. The 

corresponding increase in detected neutrons, is due to elastic scattering, 

which rapidly saturates in reflection geometry. This is because elastic 

scattering events are nearly isotropic, and they wi"l I diffuse those 

neutrons, first scattered, deep within the sample. It' the scattering 

strength is augmented, beyond the point that second elastic events are 

increasing the detected counts, the increases in detected neutrons are due 

to second inelastic scattering. 

So far in the discussion we have concentrated on understanding the role 

played by the scattering strength in the function R(w)d. However, even 

for moderate scattering strength samples it is only necessary to consider 

single inelastic scattering events. This is because the relative 

intensities of the sing·le and double inelastic bands, for saml)les of a 

given scattering strength, remain apf)roximately constant. It can be seen 

from Table 1 that 

However a value of the scattering strength may be chosen where R( w)d ,.. 

Scattering strengths of up to 25% satisfy this criteria, and 

provide relative band intensities that can be adequately int'erpreted in 

terms of a one phonon scattering law. 

Conclusions 

The NIIS spectra of HMT for several dHferent scattering strengths have 

been obtained on TFXA. The rat i oed spectra were presented and detailed 

multiple scattering calculations v-1ere f)erformed. We may cone 1 ude, t·or 

ret"lection neutron inelastic spectrometers with ·low final ener~y, that: 
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i) samples that scatter only 10% of the incident beam are probably 

i net.fi ci ent. Neutrons whi eh have been down scattered once can be 

scattered again, elastically, and are still well described by the one 

phonon approximation. Total sam~le scattering strengths of up to 25% 

are to be recommended for experiments where the inelastic bands 

occur at energy transfers greater than 40 meV and relative band 

intensities are acceptable, i.e. molecular spectroscopy. 

i i) Samples that have hi 9h scattering strengths continue to show 

understandab 1 e increases in the detected count. These increases 

arise frrnn multiple inelastic scattering. 

Therefore i nit i a 1 experi rnents of a survey nature on uncharacteri sed 

samples are recommended to have scattering strengths, of ea 50%, 

thereby dramatically reducing the experimental time (by factors of ea 

4 to 5). 

iii) Degradation of Spectral quality will manifest itself by a loss of 

structure, by weak high energy features becomin~ less 11 Visible 11 and 

by all bands broadening slightly at their base. 

iv) The '16 (0+1) band of HMT is now reported with a natura -l width (FWHH) 

( 5 cm-1• 
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FIGURE CAPTIONS 

The scattering 1 aws determined for the different thicknesses of 
hexamethylene tetramine d = 0.13, 0.19, 0.54 cm, all at 17K. 

Figure 2 

The scattering law for HMT (d = 0.13} and the ratio functions ~(w)d, ford 

= 0.19 and 0.54, described in the text. Also shown are tw.o horizontal 
lines which intercept the absica at R(w} = 1.4 and 3.2 respectively. 

Figure 3 

Detail of the spectra of HMT around 47 me V neutron energy transfer, 

showing the normalised observations of the "1.6 mode (see text). Also 

shown, below, the difference between the normalised results from the 

thickest and thinnest sam~les. 

Figure 4 

Comparison of the calculated R( w)d values with the observations. The 

observations are enlarged from figure 2 and the calcualted points are the 

bold dots. The apparent failure of some of the points to corres~ond with 

observations is due to the simplicity of the model, and is explained in 

the text. 
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