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Abstract

We have measured the heavy residue differential range distributions

in the interaction of 85 MeV/nucleon 12C with lg?Au. The range

distributions were converted to energy spectra using known range-

energy relationships. The mean residue energies range from 15
keV,/nucleon (A=189) to 314 keV/nucleon (A=131). Longitudinal momenta
of the heavy residues have been deduced (<p”>/pcn = 0.27). The

mean spectral energies and the shapes of the residue spectra are

shown to be in agreement with the predictions of the VUU model.

NUCLEAR REACTIONS 197Au(12C,X}, E = 1032 MeV; measured fragment

differential ranges; deduced dzo/deE (fragment Z,A); intermediate

energy heavy ions.

(Submitted to Nucl. Phys. A, December 1988)



I. Introduction

The collision of two nuclei at intermediate energies(10-100
MeV/nucleon) frequently results in the production of large, slow-
moving fragments of the target nucleus. For this work, we define
these fragments (or "heavy residues"” as they are called) to have

mass numbers, A that are greater than 2/3 the mass number

residue’
of the target. To adequately understand the dynamics of intermediate

energy nuclear collisions, one needs to know and understand the

properties of the heavy residues produced in these collisions.

The probability of producing heavy residues in intermediate

1-13

energy nuclear collisions is substantial ). For the interaction

of 12C with 19?Au we show (in Figure 1) the dependence of
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Figure 1. The dependence of the fission cross section (open circles)
and the heavy residue formation cross section (solid points) on pro-
jectile energy for the interaction of 12C with 127au. Data are from

ref. 10, 41, 43 and 44. In integrating the mass-yield distributions
we have not include yields of fragments within 5 A unit of the target
A=197. These fragments are thought to have other dynamic properties
then the A<191 residues42'44

limits when considering all heavy residues.

). Consequently the “uR values are lower
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cross section on projectile energy for fission and heavy residue
(A z <191) formation. One should also note that the fission
residue-

fragments are primary heavy residues that de-excited by fission rather

3’4’6). The cross section for heavy residue

than particle emission
production (de-excitation by particle emission) relative to the fis-
sion cross section increases with increasing projectile energy due

to two effects:

(a) the faster time scale of the more energetic reactions
favors the intrinsically faster process of particle emission
vs. the slower collective motion of fission

(b) the increasing probability of incomplete fusion with
increasing projectile energy, leading to lower mass and atomic

numbers of product nuclei, thus decreasing their fissionability.

The heavy target residues can be produced in both central and

4’8’9}. At low projectile energies, most residues

peripheral collisions
are produced in more central collisions where they can be characterized
as evaporation residues. The heavy residue angular distributions are
strongly forward-peaked in all casesq's’s'll_lq).

Because of the large Z and A of these residues and their resulting
low energies (~100 keV/nucleon), the detection of these residues is
difficult. While a number of measurements of the average linear
momentum transfer to the target nucleus in intermediate energy reactions
have been made using the fission fragment folding angle technique,
only a modest number of measurements of the energy spectra of the

11,1213

heavy residues have been made ). Lleres, et al.ll) reported

the observation of the spectra of heavy residues from the interaction

lZC with 89Y. Their observations show single compo-

of 86 MeV/nucleon
nent spectra for the heaviest residues (with mean residue energies of
~100 keV/nucleon) and twb—component spectra for the lighter residues
(8A=A . rget Presidue
of ~100 keV/nucleon and 4 MeV/nucleon, are attributed to the occurrence
120513

>17). These two peaks, with mean recoil energies

of peripheral and central collisions, respectively. Grabez, et al. ¥

using CR-39 track detectors to study the reaction of 84 MeV/nucleon

12 . 208
C with

energy spectra. Using the track detectors to classify the type of

Pb, reported the semi-exclusive measurement of residue

reaction mechanism responsible for the production of a given heavy
residue (by observing the type and number of associated tracks with
each heavy residue track), they concluded that most heavy residues
were the result of binary events producing an intermediate mass

fragment (A Atarget/3) and a heavy residue. Most provocatively,

fragment<
they reported the occurrence of spallation reactions (where the heavy



residue production was accompanied only by the emission of nucleons)

in which the energies of the spallation products were unusually high
(~1 MeV/nucleon) and the residues were emitted sidewise to the

incident projectile beam. We do not understand these reported energies
and angular distributions of the spallation products which are unlike

those seen in any other studies of nucleus-nucleus collisions.

We made detailed measurements of the spectra of the heavy residues

produced in the intermediate energy reaction, 85 MeV/nucleon lZc with

1 , , . :
‘97Au as a function of the residue Z and A. This reaction was chosen
for study because of the large number of previous experimental

8,10,14-18 19-24}studies of this reaction. We observe

) and theoretical
low average residue energies (<100 keV/nucleon) and a spectral shape

that indicates that a significant fraction of these residues are produced
with energies so low as to preclude their detection in some previous
studies that utilized non-radiochemical measurements of the residues.

We present (in Section III.D) the first successful calculation (based
upon the quantum statistical mechanical VUU model) of the heavy residue

spectra.

A preliminary description of a portion of these data has been

presented elsawherezs).

II. Experimental Procedures

Inclusive measurements of the target fragment differential range

lzC with lg?Au were

spectra for the interaction of 85 MeV/nucleon
made using radiochemical techniques. The experiments were carried out
using the CERN SC synchrocyclotron. The experimental arrangements are
shown in Figure 2. Two separate experiments were performed utilizing
mylar and aluminum catcher foils, respectively. The mylar catcher foil
stack was designed to stop fragments as energetic as fission fragments
while the aluminum foil stack was designed primarily to detect the

heavy residues.

In the experiment employing mylar catcher foils, ten catcher foils
ranging in thickness from 0.3 to 5.1 mg/cm2 were used. The catcher
foil stack subtended laboratory system plane angles from 6.8 to 17.7
degrees with the mean fragment entrance angle relative to the normal to

12C beam was

the foil surface being 13.0 degrees. The 85 MeV/nucleon
collimated to an area of <10 mm2 and was aligned along the axis of the
scattering chamber. The gold target was irradiated for 540 m with

average beam intensity of ~3x10t?! ions/s. Following irradiation, the
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Al-backing N Al or Mylar catcher

~C beam it i 7\ Angle: 6, 6,
Mylar: 6.8 177 deg
(~10" p/s) X e COHARE Al 7.4 208 deg

Foil #: 1 2 3 4 5 6 7 8 9 10
Mylar:  0.30 0.30 0.30 0.30 0.50 0.80 1.25 2.5 3.3 5.1 mg/em’
Al: 0.17 0.18 0.17 0.20 0.19 0.21 0.20 0.20 0.50 0.50 mg/em”

Figure 2. Schematic diagram of the experimental apparatus.

catcher foil stack was shipped to Sweden where it was disassembled and
mounted for assay by off-line gamma-ray spectroscopy. Measurements
began fourteen hours after the end of the irradiation.

The second experiment utilized a ten aluminum catcher foil stack
with the catcher foils ranging in thickness from 0.17 to 0.50 mg/cmz,
thus enabling a higher resolution measurement for the heavy residue
spectra. The catcher foil stack subtended plane angles ranging from
7.4 to 20.8 degrees, with a mean fragment entrance angle relative to
the normal to the foil surface of 15.1 degrees. This experiment in-
volved a 383 m irradiation with an average beam intensity of ~1x1012
ions/s. The foil assembly was disassembled immediately after irra-
diation and mounted for counting at CERN. After 70 hours of off-line
gamma-ray spectroscopy at CERN, the foils were shipped to Sweden for

further assay.

The resulting gamma-ray spectra were analyzed using the interac-

26

tive analysis program DECHAOS™ ). The analysis of the decay curves

and the assignment of the radionuclides present and their activities

was done in a similar manner to that described previously27). The
radicactive decay data used in these assignments was an updated form28)
29

of the Reus-Westmeier tables™”).
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Figure 3. Heavy residue differential range distributions measured
with a mylar catcher foil stack.
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Figure 4. Heavy residue differential range distributions measured

with a aluminum catcher foil stack.



From the measured activities, projected differential range
distributions were calculated for the stopping of seventeen different
heavy residues in mylar and eighteen different heavy residues in
aluminum. A representative set of these differential range spectra is
shown in figures 3 and 4. Corrections for energy loss in the gold
target were made by assuming that, on the average, the fragments
traversed half the effective target thickness (125 ug/cmz). This
thickness was converted to Mylar/aluminum equivalent on the basis of
the relative stopping powers of gold and Mylar/aluminum3l).

Two effects contribute to the resolution obtained in the measured
range distributions, i.e., the finite, unequal thicknesses of some of
the catcher foils employed and the range straggling inherent in the
stopping process. (We neglect straggling due to catcher foil inhomo-
geneities and different path lengths in the target. Numerical simula-
tions show the straggling introduced by the finite solid angle subtended
by the catcher foils is negligible.) To help understand the type and
magnitude of the effects introduced by the finite, unequal catcher foil
thicknesses and range straggling, we performed a simple numerical exer-
cise (Figure 5). We assumed a Maxwellian form for the laboratory frame

heavy residue energy spectra:

P(E)dE = —Ez exp(—%) (1)
T

with T being the nuclear temperature. Taking as examples of typical

lngd and lBlRe, stopping in

"light" and "heavy" heavy residues,
aluminum, and assuming values of T of 12.7 and 3.90 MeV, respectively,
we transformed the resulting energy spectra into range distributions
using the range-energy tables of Northcliffe and SchillingBl). The
effects of range straggling upon the range distributions were calcu-

lated using the equation
1

P(R)dR = —M— exp[—(
Rop/j_n

R-R
© }2] (2)

ﬁRp
o

where RO is the average range of a monocenergetic ion, p is the
straggling parameter and Re is the range straggling. Values of the
straggling parameter for the A=149 ion stopping in aluminum were taken
from previous measurements of that quantity32) while straggling
parameters for the A=181 ion were calculated from the measured values
for A=149 assuming that the dependence of p upon ion mass is given by

the LSS expression33}



e

o = 2 Astopper - Bion (3)
3 (A + A . )2

stopper i1on

The simulations were done in energy steps of 10 keV/nucleon. The binning
of the data into thicknesses of catcher foil equivalent was done after
converting the ion energies to ranges in aluminum. In Figure 5 we show
the range distribution corresponding to the Maxwellian energy distri-
bution without and with straggling effects. For the more energetic
fragment (A=149) the effect of range straggling seems to be negligible
while the effect of binning the data into finite, unequal catcher

foil equivalent thicknesses and the existence of some fragments that
would "punch through" our foil stack causes some distortion. For
example, the mean range calculated from the continuous Maxwellian
spectrum is 1.37 mg/cmz. Binning the data into catcher foil equiva-
lent thicknesses and discarding those fragments that would punch through
our stack gives, upon recalculation, a mean range of 1.23 mg/cm2
(neglecting punch through gives a mean range of 1.35 mg/cmz). Adding

in the effect of straggling does not affect the calculated value of

the mean range.

For the less energetic fragment (A=181), the foil thicknesses are
approximately equal but there is a clear degradation of resolution in
the range distribution due to the finite thickness of the first foil
and the effects of range straggling. The values of the mean ranges are
shifted by 4% due to these effects. 1In the A=149 case, the measured
range distribution does not have the shape of the calculated laboratory

frame Maxwellian distribution (see Section III for further discussion).

We did not attempt to unfold the effects of the range straggling
or "binning"” in our data. From the simulations, we conclude that
(apart from the shape of the low energy portion of the range distri-
bution for the least energetic fragments and some uncertainties in the
values of the mean ranges for those fragments that were energetic
enough to penetrate to the latter, very thick foils of our range stacks)
that these effects could be neglected. Based upon the numerical simu-
lations we conclude that the values of the mean fragment energies
deduced from the differential range measurements are, in general,
uncertain to < 10%.
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III. Results and Discussion

A. Comparison of mylar and aluminum catcher foil data

The differential range distributions shown in Figures 3 and 4
were transformed into energy spectra using the range-energy relations
of Northcliffe and Schilling3l). The resulting spectra are sthn in
Figures 6 and 7. The mean fragment ranges and energies deduced from
the measurements using mylar and aluminum catcher foils are given in
in Table 1. There is good general agreement between the mean energies
deduced in each case (Figure 8), giving confidence in the internal
consistency of the range-energy relationships used. In Figure 9, we
compare the deduced fragment energy spectra for a typical heavy residue,
lG?Tm, as deduced from our measurements with mylar and aluminum catcher
foils. Apart from the poorer resolution of the mylar "detector stack",
the two spectra are similar. There is some indication of greater

straggling, i.e., a larger number of low and high energy events in the
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Figure 8. Mean heavy residue energies as a function of the difference
between the residue mass number and the target mass number. The solid

line ( E=4.29*8A-21.3 keV/nucleon; B8<AA<45 ) represents an empirical
representation of the data in which the fragment energy is taken as a
linear function of AA.
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Table 1: Mean fragment ranges and energies for residues produced in the

interaction of 85 A MeV

12

c

with

19';'A

u.

using aluminum and Mylar catcher foils.

The measurements were performed

Nuclid AA <Range Al> {Range Mylar> <Energy (Al)>2 <E. {Mylar})2
(mg/cmz) {mg/sz) (keV/nucleon) (kev/nucleon)

189, 8 0.189 +/- 0.007 15.1 +/- 0.6
1885, 9 0.248 +/- 0.008 25.3 +/- 1.0
185:. 12 0.277 +/- 0.010 23.1 +/- 0.8
1850s 12 0.339 +/- 0.010 0.321 +/- 0.006 28.3 +/- 0.9  34.1 +/- 0.7
18355 14 0.381 +/- 0.013 38 i
18lp. 16 0.486 +/- 0.007 0.421 +/- 0.006 42.8 +/- 0.6 BT, s 6.9
177% 20 0.646 +/- 0.012 808 wj= 1.3
175g¢ 22 0.725 +/- 0.019 0.588 +/- 0.004 68.8 +/- 1.9 558 wr= 0.8
173y¢ 24 0.838 +/- 0.007 0.643 +/- 0.006 83.4 +/- 0.7 82.2 w/= 0.7
171109 26 0.906 +/- 0.011 0.690 +/- 0.007 91.8 +/= 1.1  90.8 +/- 1.1
1704y¢ 27 0.968 +/- 0.015 0.723 +/- 0.014 101.8 +/- 1.7 97,2 £r= 9.0
169,49 28 0.996 +/- 0.017 0.718 +/- 0.022 105.0 +/- 1.8 96,5 wyre 4.0
16700 30 1.039 +/- 0.008 0.779 +/- 0.006 110.1 +/- 0.8 107.2 +/- 0.8
166vy, 31 0.806 +/- 0.020 113.3 +/- 3.0
165mn 32 0.801 +/- 0.009 LI e Bl
160g, 37 1.131 +/- 0.031 0.903 +/- 0.017 127.4 +/- 3.7 139.4 +/- 2.9
161z, 36 1.168 +/- 0.028 133.9 /- 3.5
1575y 40 1.282 +/- 0.017 150.9 +/- 2.1
1555y 42 1.289 +/- 0.017 154.9 +/- 2.1
1550 42 0.975 +/- 0.011 156.7 +/- 1.8
1530, 44 0.985 +/- 0.015 1528 i BB
152, 45 1.316 +/- 0.071 164.1 +/- 9
149c9 48 1.357 +/- 0.021 1.006 +/- 0.007 170.4 +/- 2.7 170.8 +/- 1
14764 50 0.992 +/- 0.012 175.7 +/- 2.
1315, 66 Bl o 50 314.  +/- 64
1) 8A = Atarget - Afragment

2) Systematic uncertainties due to uncertainties in the range-energy

relations of Northcliffe and Schilling

31

) are not included.
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aluminum "detector" relative to the mylar "detector." This is consis-

tent with the ratio of (DAl/p ) of 1.34 calculated from egquation 3.

mylar

B. Comparison of Data with Previous Measurements

The mean momenta of the heavy residues can be calculated from the

mean fragment energies deduced in this work. Normally,these observed
momenta, BD o+ can be understood as the vector sum of a longitudinal
component, p||, resulting from the initial projectile-target

-+ .
P resulting from the

sequential evaporation of particles during fragment de-excitation,

interaction, and an isotropic component,

where

- s

Pobs =~ Py (4)
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Figure 10. Deduced values of the heavy residue longitudinal momenta
as a function of mass loss,AA, in the collision. The solid line
shows the longitudinal momenta deduced for events leading to fissionls}.
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A simple analysis of the vector triangle represented by equation (4)
for the case where one is observing the fragments at a small fixed
angle with respect to the incident beam direction shows the effect of
in the forward and backward direc-

r

sequential particle emission, = -

tion cancels. Solution of the resulting problem leads to the deduced

values of p|f shown in Figure 10. Also shown in Figure 10 as a hori-
zontal line is the mean value of P deduced from fission fragment
folding angle measurementslSJ (<pll>/pcn = 0.34). The longitudinal mo-

mentum transfer in the nucleus-nucleus collision leading to heavy
residue formation is a function of AA (which presumably reflects impact
parameter). If one remembers that the yields of small 8A fragments are
far greater than the yields of larger AA fragments, then one concludes
the primary target-like reaction products that survive to yield heavy
residues were the result of more peripheral collisions than the
target-like products that fission. Using the values of pl| shown in
Figure 10 and the isobaric yield distribution in ref.'?) to form a
proper mass-yield weighted average of p!l for heavy residues, gives
<p]|> = 1300 MeV,/c (<p|l>/pCn = 0.27}).

No evidence is seen in any of the distributions for the occurrence
of a "central" collision peak (E ~ 1 MeV/nucleon) in the residue

Tl : Sy 12, .., 89

spectra as seen ) in the interaction of 86 MeV/nucleon C with X
although such a peak would have been clearly visible in the mylar

catcher foil distributions.
C. Significance of the Data for Heavy Residue Measurements

Even though one is observing only the most energetic heavy residues
in our forward angle differential range "detector", the deduced mean
fragment energies are very low. The values range from 15 keV/nucleon
(A=189) to 314 keV/nucleon (A=131) with an arithmetic average of 138
keV/nucleon. But such an average is misleading because the measured

isobaric yield distributionlo) for the reaction of 85 MeV/nucleon L

with 197

Au shows a factor of 50 decrease in yield as the fragment mass
number decreases from 196 to 131. To make an appropriate estimate of
the true mass yield weighted average residue energy would require the

_ target_Aresidue) s, Oy
These residues were not seen in our forward angle "detector". Thus one

measurement of spectra for residues with aA (=A

can regard the mean fragment energy of 138 keV/nucleon to be an upper
limit for the mean heavy residue energy.

Several groups have attempted to measure the heavy residues pro-
duced in intermediate energy nuclear collisions using various devices,

5,34

such as time-of-flight spectrometers, ) ete. Frequently such detec-

tors have low energy cutoffs below which fragments are not detected.



In Figqure 11, we show the effect of various low energy cutoffs (expres-
sed as mg/cm2 Al) upon the fraction of the heavy residues detected
(based upon our observed heavy residue spectra). Note that these
fractions shown in Figure 11 are upper limits for the fraction detected
because our spectra are biased towards higher energies due to cbser-
vation at a forward angle. A typical low energy cutoff in a time-of-
flight apparatus is a velocity of ~0.5 cm/ns which corresponds to a
cutoff of ~1.2 mg/cm2 of aluminum. Thus, in such experiments, only
60% of the A=150 fragments and -0% of the A=180 fragments are detected,
leading to a very non-representative sample of the heavy residues.
For example, radiochemical measurementsqz} (which do not have a low
energy threshold) of the heavy residue yields in the interaction of

32 MeV/nucleon 4OAr with lg?Au gave a heavy residue production cross
section of 2790 mb while a similar measurementSJ using a time-of-flight

spectrometer with a 0.5 cm/ns cutoff gave a cross section of 315 mb.
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Figure 11. Effect of various low energy spectral cutoffs (expressed

as mg/cm2 Al) on the fraction of heavy residues detected.



D. Comparison of Data to Theory

The essential physics behind the heavy residue recoil properties

P ; 35
in intermediate energy collisions was pointed out by Bondorf, et al
the recoil of the heavy residue is calcu-

¥

In their statistical model,
lated by considering the number of projectile nucleons absorbed by the
target nucleus and their momentum distribution (i.e., that of a dilute

Boltzmann gas). The mean values of Pl calculated36) in their model are

compared to our data in Figure 12. Good agreement between the calcu-
is seen as well as a correct predic-

lated and measured values of pl
Within the Bondorf,

tion of the general dependence of p|| upon OA.
et al. model, it is possible to uniquely associate a given impact
parameter with a given A value. This association and the apparent
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Figure 12. Comparison of the deduced values of p1| (this work) and
35

those calculated by Bondorf et al.”"). The solid line represents the
same empirical fit to the mean fragment energies shown in Figure 10..



s )

validity of these calculations of mean values of p|| would indicate
the simultaneous observation of the recoil mass and energy can serve
to fix the impact parameter of a intermediate energy nucleus-nucleus

collision.

Despite the success of the Bondorf, et al. model (and an extended

) ; g
version of it3’) in predicting the mean reccil properties of the heavy
residues, the distributions of the energy and angle of emission are not

38

given correctly™ ). It would appear that a more detailed treatment,

based upon the essential ideas of the Bondorf, et al. model is needed.

In recent years, considerable success has been achieved in
describing intermediate energy collisions using the quantum statisti-

19,39)_

cal approach of solving the Boltzmann-Uehling-Uhlenbeck equation
This equation describes the reaction in terms of a mean field and the
effect of nucleon-nucleon collisions which obey the Pauli principle.

We thought it would be both interesting and important to compare the

prediction of this equation with our observations of heavy residue

properties.

For our calculations, we used the numerical methods of Stodcker
et al.39, known as the VUU approach. We adapted a program furnished
to us by H. Stécker to run on the CRAY supercomputers of the NMFECC
at the Lawrence Livermore Laboratory. Due to limitations on the amount
of computer time available to us and our desire to get immediate
results to compare with experimental data, we did 90 simulations of
the 85 MeV,/nucleon 12C + lg?Au reaction at a single value of the impact
parameter, b = 6.05 fm, which is a representative impact parameter for
this reaction. We followed each reaction for 150 fm/c using time steps

in the calculation of 1.5 fm/c.

Because of the semiclassical nature of the VUU calculation, it is
possible to follow the position of each nucleon in six-dimensicnal
phase space. Since we were interested in the fate of the target-like
fragment, we wrote a series of routines that identify such clusters
and compute their Z and A. We calculated the total linear momentum
5t of the heavy residue as

AT
Et=z B: (5)

i=1

where the sum is carried out over all particles in the target-like
fragment. The total angular momentum was calculated by using the

following expression



ET’Z E % s (6)

where again, the sum is carried out over the set described above. The
heavy residue kinetic energy is estimated from the total linear momen-

tum as

p2
L {9

2M

where M 1s the mass of the heavy residue. The heavy target residue
was identified as the largest cluster of original target nucleons

within a spatial radius of 2r0At1/3 and a momentum radius of 400 MeV/c,
where r_ = 1.2 fm. The fragment excitation energy was calculated from
the following expression:
AT
) 2 8
g = £ - & — €p(Z,A) (8)
i=1

where the €;'s are the single particle kinetic energies in the

target-like fragment and e_ is the total Fermi energy, calculated as

F
follows:

3

-2/3
ep(Z,A) = £ CA

5/3 53

(2 + N ) (9)

where A = Z + N and
2/3.h°

(F5) (10)
rO

c = (5 (2P

At the conclusion of the simulated primary reaction, we simulated
the ordinary equilibrium decay of the primary fragments by particle
emission using a modified version of the DFF code that has been desc-
ribed previouslyqo). The results of these calculations for "represen-
tative" impact parameter events with observations of the angular
distribution514] and energy spectra (this work) of "representative”
heavy fragments (A=131). (Figure 13)

The agreement between the measured (points) and calculated

(histogram) fragment properties is very impressive. To the best of our
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Figure 13. Comparison of calculated (histogram) and measured (solid
points, line) A=131 fragment energy spectra (this work) and angular
distribution514) for the 85 MeV/nucleon 12C + 197Au reaction.

knowledge, this is the first calculation of the shape of the heavy
residue energy spectra for an intermediate energy reaction that is

essentially correct.

IV. Summary

We have measured the heavy residue spectra for several fragments
of differing Z and A from the interaction of 85 MeV/nucleon 12C with
lg?Au. The average residue energies are very low, ranging from 15
keV/nucleon (A=189) to 314 keV/nucleon (A=131). The implications of
these mean energies and spectral shapes for measurements of the heavy
residues have been discussed with examples of the dangers inherent in
typical low velocity cutoffs in time-of-flight spectrometers. Longi-
tudinal momenta of the heavy residues have been deduced (<p”>/pcn
= 0.27). The essential physics of heavy residue production is given
by statistical models. The mean residue energies are apparently
described by a simple model due to Bondorf et al.””) while description
of the heavy residue spectral shape is given correctly by a VUU
calculation.
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