
PHYSICAL REVIEW C VOLUME 48, NUMBER 6 DECEMBER 1993

Optical model analyses of 1.65 A GeV argon fragmentation:
Cross sections and momentum distributions

L. W. Townsend, ' F. Khan, and R. K. Tripathi
'RASA I.angley Research Center, Hampton, Virginia 23681

Old Dominion Uniuersity, 1Vorfolk, Virginia 23529
Christopher Newport University, %export News, Virginia 23606

{Received 4 August 1993)

An optical potential fragmentation model capable of predicting fragmentation cross sections and frag-
ment momentum distributions is used to analyze recent measurements of 1.652 GeV argon projectiles
fragmenting in carbon and potassium-chloride targets obtained with the Heavy Ion Spectrometer System
(HISS) at the Lawrence Berkeley Laboratory Bevalac. The theoretical model uses an abrasion-ablation-
FSI (frictional spectator interaction) collision formalism to estimate elemental and isotopic production
cross sections for comparsion with the measured values. The collision momentum transfer model is in-

corporated into a Goldhaber formalism to analyze measured transverse and longitudinal distributions of
the projectile fragments. Good agreement between theory and experiment is obtained for all observ-
ables.

PACS number(s): 25.70.Pq, 24.10.Ht

I. INTRODUCTION

The production of fragmentation products in peri-
pheral heavy ion collisions at relativistic energies has
been the subject of numerous theoretical and experimen-
tal investigations for over two decades. Many of these
are summarized in the various reviews that have been
written during this period [1—5]. Initial attempts to ex-
plain observed fragmentation phenomena invoked statist-
ical models to describe these reactions [6—8]. Later on,
these evolved into a two-step model called abrasion-
ablation [9], which was based upon earlier work by
Serber [10] in the area of inelastic nuclear reactions at
high energies. In abrasion-ablation models the abrasion
step (particle knockout) is usually formulated using
geometric [9,11] or quantum-mechanical arguments
[12,13]. In the second stage, the excited prefragment nu-
cleus produced by the abrasion is assumed to decay
through particle-emission processes. These are usually
modeled using compound nucleus evaporation [9,14] or
combined nuclear cascade-evaporation [15] techniques.
Alternative approaches based upon nuclear Weiszacker-
Williams methods [16],nucleon-nucleon cascade plus sta-
tistical decay models [17], and semiempirical formula-
tions [18—20] have also been proposed.

Over the past several years, we have formulated an op-
tical model description of fragmentation in relativistic
heavy ion collisions which can be used to predict both
cross sections [13,21] and momentum distributions of the
emitted fragments [22,23]. Validation of the model has
been hampered by the paucity of available measurements
of both cross sections and momentum distributions for
the same collision pairs. Heretofore, the most complete
set of data was provided by the early measurements for
oxygen and carbon beams [24,25] fragmenting in various
targets. These data provided values of der(0 )/dQ for
isotopes produced by projectile fragmentation in each

target and projectile fragment momentum distributions
averaged over all of the targets. Comparing model pre-
dictions to these measurements for cross sections [26] and
momentum widths [22] displayed reasonably good agree-
ment between theory and experiment. Recently, using
the Heavy Ion Spectrometer System (HISS) at the
Lawrence Berkeley Laboratory Bevalac, high-quality
measurements of both cross sections (elemental and isoto-
pic) and fragment momentum distributions for nuclei
with mass number 3 ) 16 and kinetic energies above
1.0A GeV have become available [27]. Because of the as-
sumptions underlying abrasion-ablation fragmentation
models, these new data should provide a more stringent
test of the theory.

In this work the optical potential abrasion-ablation
model is described in some detail and used to predict ele-
mental and isotopic fragment production cross sections
for comparisons with recently measured values for the
breakup of 1.652 GeV Ar projectile ions in carbon (C)
and potassium-chloride (KCl) targets [27]. The collision
momentum transfers predicted by the model are incor-
porated into the well-known Goldhaber formalism [7]
and the results compared with the measured transverse
and longitudinal momentum distributions of the projec-
tile fragments. Excellent agreement between theory and
experiment is obtained.

II. I RAGMKNTATION CROSS SECTIONS

In an abrasion-ablation collision model, the projectile
nuclei, moving at relativistic speeds, collide with station-
ary target nuclei. At small impact parameters b, portions
of their nuclear volumes overlap and are sheared away in
the collision. This is the abrasion process. The remain-
ing piece of projectile matter, sometimes called a prefrag-
ment, continues its trajectory with essentially its precol-
lision velocity. Because of the nuclear dynamics of the
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abrasion process, the projectile prefragment is in an excit-
ed state after the collision. This excess energy is removed
in the ablation process by the emission of gammas, nu-
cleons, and other particles. The remaining nucleus is the
fragment which is experimentally detected.

A. Theory where

X [T(b)]

N Z
a,b, (Zp„~ ~pp): f d b[1—T(b)]"+'

In the optical potential formalism [13,21] the cross sec-
tion for producing a prefragment of charge Zp„and mass
3pF in the abrasion stage is arid

T(b) =exp[ —ATo. (e)I(b) ] (2)

I(b)=[2mB(e)] f dzo f d gTpT(gT) f d y p (b+zo+y+gT)exp[ y /2B(—e)] . (3)

In Eqs. (1)—(3) b is the impact parameter vector, e is the
two-nucleon kinetic energy in their center-of-mass frame,
zo is the target center-of-mass position in the projectile
rest frame, g, (i =P, T) are the internal coordinates of col-
liding nuclei, A; (i =P, T) are the mass numbers of col-
liding nuclei, and y is the projectile-nucleon-target-
nucleon relative separation vector.

The nuclear number densities p; (i =P, T) are extract-
ed from the appropriate charge densities by an unfolding
procedure [13]which removes the effects of the finite pro-
ton charge distribution. The constituent-averaged
nucleon-nucleon cross sections o (e) are also described in
Ref. [13]. Values for the dift'ractive nucleon-nucleon
scattering slope parameter B (e) are obtained from the
parametrization in Ref. [28].

In Eq. (1) a hypergeometrical charge dispersion model
is chosen to describe the distribution of abraded nu-
cleons. The model assumes that z out of Z projectile pro-
tons and n out of Xprojectile neutrons are abraded where

N+Z=A (4)

APF= 3 —n —z,
and (ii ) denotes the usual binomial coefficient expression
from probability theory. Choosing an alternate charge
dispersion model does not alter our results in any
significant way.

Prefragment excitation energies are estimated from

exc Es +EFsI

where the surface energy term (E, ) is calculated using
the clean-cut abrasion model of Gosset et al. [11]. The
frictional-spectator-interaction energy (E„s,) contribu-
tion is estimated from the model of Oliveira, Donangelo,
and Rasmussen [11]. In this model, the rate of energy
transfer is given by

dE = —12.75 MeV/fm .
dx

(9)

Assuming a spherical nucleus of uniform density, the
average energy deposited per FSI is

( Ep s)i= 10.2 3 MeV (10)

Xcr b (Zpp~ App)

where P„, is the probability that an abraded nucleon es-
capes without undergoing any frictional-spectator in-
teractions. In the present work, we choose P„,=0.5,
which follows from the original work of Oliveira,
Donangelo, and Rasmussen [11]. Such a value assumes
that there is no curvature of the nuclear surface and
should be reasonably correct for heavy nuclei. For
lighter nuclei, the surface can exhibit significant curva-
ture such that the value of P„, may be larger than 0.5.
Methods for estimating P„, when nuclear surface curva-
ture is taken into account have been formulated by
Benesh, Cook, and Vary [29].

Depending upon the magnitude of its excitation ener-
gy, the prefragment decays by gamma and/or particle
emission channels. The probability a; (p) that a prefrag-
ment species j, which has undergone p FSI's, de-excites
to produce a particular final fragment of type i is ob-
tained using the EvA-3 computer code [15]. Therefore,
the final hadronic cross section for production of the ith
isotopic fragment is obtained from

which yields 35 MeV/FSI for an argon projectile.
Therefore, the abrasion cross section for a prefragment

species (Zp„, Ap„) which has undergone p FSI's (where
0 ~p ~ n +z) is given by [21]

r

n+z
a,b,(Zpp, A p„,p) = (1 P„,) (P„,—)"+'

dE
dx 4A,

n+z
o„„,(Z;, A; ) =g g a,)(p)o,b, (ZJ, Aj,p ), (12)

where

A. = 1/po ~~, o.~~ =300/E

yields

where the sum over j accounts for contributions from
different prefragments and the sum over p accounts for
the effects of EFs, . Finally, the elemental production
cross sections are obtained by summing over all isotopes
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of a given element according to

cr„„,(Z;)=g o.„„,(z;, &;) . (13)

B. Results

Results obtained using Eq. (12) for Ar beams at
1.6SA GeV incident kinetic energy fragmenting in car-
bon and KC1 targets are listed in Tables I and II. Also
listed are the experimental values [27] obtained using the
HISS facility at the Lawrence Berkeley Laboratory Be-
valac. The agreement between theory and experiment is
quite good, especially considering that there are no arbi-
trarily adjusted parameters in the theory. Quantitatively,
the distributions of isotopic cross-section differences be-
tween theory and experiment, for values ~ 1 mb, are
displayed in Table III for both targets. The various entry
labels refer to values within the quoted experimental un-
certainties, and values outside the quoted uncertainties
but within a specified percent difference (e.g. , ~25%%uo).

Overall, over one-third of the predicted cross sections are
within the quoted experimental uncertainties, nearly half
fall within the error bars or within 25%%uo, and at least 94%
agree to within a factor of 2.

Elemental production cross-section predictions ob-
tained using Eq. (13) are compared with experimental
values in Figs. 1 and 2. There are two sets of theoretical
cross sections displayed. One uses the Rasmussen escape
probability (P„,=0.5), which neglects nuclear surface
curvature, and the other uses the Vary probability
(P„,=0.75), which includes the effects of surface curva-
ture. Overall, the agreement between theory and experi-
ment is nearly the same for either value of P„„although
a quantitative analysis of the distribution of cross section
differences, similar to Table III, indicates that the
Rasmussen value yields slightly better overall agreement
between theory and experiment.

III. FRAGMENT MOMENTUM DISTRIBUTIONS

One of the most significant endings of the early experi-
ments using relativistic oxygen and carbon beams [24,25]
was the observation that the fragment momentum distri-
butions were Gaussian in the projectile rest frame. These
authors also noted that the experimental momentum dis-
tributions were centered at slightly lower momenta values
than the incident beams indicating a loss of kinetic ener-
gy from the projectile.

TABLE I. Isotope production cross sections in millibarns for 1.65 3 GeV argon beams fragmenting in carbon target.

Isotope
produced

"cl
38C1

37cl

Cl

'4Cl
38S

37S

36S

29S1

28S1

'Si
Al

"Al
Al
Al' Al

Ne
Ne

22Ne

'Ne
20N

"Ne
22F

16N

15N

14N

13N

16C

15C

14C

This
work

65.2
19.9
22.0
64.3
21.9

1.6
7.7
1.8

15.8

24.8
12.7
0.5

1.0
8.0

10.8
20.8
24.3

1.0
5.8
8.7

12.4
5.4
0.4
0.9

7.1

17.3
14.4

1.9

0.9
3.5

Experiment
Ref. [27]

79.5+ 19.5
8.10+4.05

27.0+8.85
49.5+16.5
51.0+ 19.5
12.0+6.45
4.35+1.5

11.7+2.7
12.4+3.0

25.5+3.0
13.0+1.95
0.69+0.28S
0.129+0.111
0.705+0.210
3.00+0.405

10.4+2.25
19.5+2.40
25.5+2.85

1.8+0.45
4.8+0.54

12.3+2.25
16.5+2.55
8.55+ 1.80
0.705+0.36
0.765+0.285

4.65+ 1.30
18.0+5. 1

8.7+2.7
0.75+0.48
0.375+0.165
1.17+0.675
4.35+1.50

Isotope
produced

35S

34S

33S

32S

31S

36p

35p

34p

33p

Al
Al
Mg
Mg
Mg
Mg
Mg
Mg
Mg

F
20F

19F
18F
17F
20O

19O

13C

12C

11C
10C

138
12@

11B

This
work

26.2
44.0
21.9
2.8
0.8
1.3
1.4

14.6
27.0

8.0
0.8
0.1

0.3
2.5
6.6

14.5
17.5
10.3

2.3
10.8
7.9
2.9
1.5

2.9

12.7
7.9
0.1

0.4
0.2
2.6
4.7

Experiment
Ref. [27]

24.0+5.4
49.5+ 10.8
31.5+7.05
10.6+3 ~ 0
0.54+0.42
0.615+0.195
2.10+0.33
5.8S+0.825

18.0+1.8

7.20+ 1.28
0.315+0.165
0.165+0.126
0.660+0.210
2.10+0.495
6.75+ 1.02

24.0+2.85
22.5+3.45
14.2+ 1.80

4.35+0.81
7.20+ 1.95

11.7+2.25
5.40+ 1.32
0.345+0.315
0.330+0.088
3.60+0.645

10.0+3.00
10.2+3.00

1.215+0.555
0.180+0.240
1.455+0.555
2.25+0.855
7.80+2.70

Isotope
produced

32p

31p

30@

29p

34S1
' Si
32si

"Si
"Si

Mg
Na
Na
Na

'4Na

Na
Na

'Na
'Ne

18O

17O

16O

15O

14O

18N

17N

10B

9g
8B

This
work

31.5
28.6

5.5
0.5
0.2
1.7
6.6

14.8
24.0

0.9
0.2
3.1

7.3
14.5
18.5
9.7
0.6
0.2

4.3
12.9
9.6
1.0

0.2
1.2

2.3
0.8

Experiment
Ref. [27]

27.0+2.7
21.0+2. 1

3.90+0.63
0.315+0.195
0.01+0.07
1.32+0.24
3.00+0.24

11.0+1 ~ 8
37.5+3.15

0.96+0.315
0.36+0.135
2.40+0.51
7.95+ 1.05

12.6+2. 10
22.5+3. 15

8.25+ 1.65
0.255+0. 123
0.21+0.146

6.75+1.44
9.75+2.40

14.2+3.45
1.23+0.615
0.086+0. 111
0.60+0.24
2.25+0.57

4.05+ 1.485
0.495+0.270
0.210+0.255
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TABLE II. Isotope production cross sections in millibarns for 1.65 A GeV argon beams fragmenting in KC1 targets.

Isotope
produced

"Cl
38C1

37C1

36C1

"Cl
34C1

38S

37S

36S

29S

28Si

27Si

"Al
'0A1

Al
Al
Al
Al

22Ne
21N

Ne
"Ne
22F
21F
20F
19F
18F

2B
11B
10B

9B

This
work

82.7
24.7
42.2
77.1

25.0
1.8
9.5
9.1

18.1

30.3
13.3
1.3
1.1
7.8

14.6
26.0
28. 1

10.3

10.0
16.5
6.4
0.5
0.9
2.9

11.7
9.6
3.1

1.9
2.8
2.2
0.5

Experiment
Ref. [27]

56.0+29.0

42.0+31.0
6.8+3.8

38.0+ 15.0
17.0+ 10.0
9.9+2.7

19.0+4. 1

29.0+6.0

38.0+5.2
15.0+2.8

1.4+0.6
0.58+0.32
1.5+0.49

22.0+5.3
18.0+4.7
37.0+4.3

8.0+1.3

16.0+2.7
25.0+4.5
14.0+3.3
0.46+0.24
2.2+0.93
4.6+1.7
9.1+1.9

16.0+3.3
5.8+2.0

1.9+2.0
1.6+1.7

11.0+3.7
5.6+1.8
1.2+0.88

Isotope
produced

35S

34S

33S

32S

31S

36p

35p

34p

33p

Mg
Mg

'Mg
Mg
Mg

'Mg
Mg
Mg

20O

19O

18O

17O

16O

15O

'7N
16N

15N

This
work

30.9
60.6
26.8

3.9
0.6
1.8
2.3

18.6
35.2

0.9
0.2
0.3
2.8

10.6
18.6
22. 1

12.4
1.2

0.8
3.0
5.7

14.4
9.7
1.4
1.5
7.7

20.9

Experiment
Ref. [27]

32.0+8.6
50.0+11.0
41.0+8.5
20.0+6.3

1.9+1.5
0.2+0.071
2.8+0.93
2.1+1.5

22.0+5.7

0.86+0.44
0.28+0.28
0.68+0.34
0.42+0. 8

10.0+4.7
29.0+3.2
26.0+3.9
21.0+3.5

0.4+0. 18

0.99+0.30
6.1+1.4
8.3+2.5

17.0+3.8
24.0+6. 1

2.0+1.1

4.8+0.73
7.7+3. 1

27.0+7.0

Isotope
produced

32p

31p
30p

29p

'4si
33Si

32Si

"Si
"Si

a
Na
Na

23Na

'Na
'Ne
Ne

23N

14N

N
16C

15C

14C

13C

12C

11C
10C

This
work

38.6
30.8
6.8
0.8
0.3
1.8
8.5

20.8
31.2

2.7
8.3

20.0
23.1

12.2
0.7

1.4
5.6

16.5
1.6

1.1
3.6

13.2
6.2
0.7
0.1

Experiment
Re.f [27]

25.0+3.0
21.0+3.8
7.4+1 ~ 7
0.42+0. 33
0.16+0.097
0.54+0.89
1.5+1.8

14.0+9.0
43.0+5.2

1.7+ 1.4
5.2+2.9

19.0+4.3
30.0+5.9
12.0+2.2
0.76+0.8
0.40+0.37
1.4+0.51
5.5+1~ 7

12.0+5.3
1.2+0.76
0.02+0.48
2.8+0.98
4.0+2.7

13.0+4.2
14.0+6.0

1.50+0.67
0.48+0.55

Initial attempts to explain the observed momentum
distributions included statistical fragmentation models
[6,7) and a model based upon the sudden approximation
of quantum mechanics [30]. Assuming only that momen-
tum conservation holds and that the original fragmenting
nucleus was a Fermi gas of uncorrelated nucleons, Csol-
dhaber [7] demonstrated that the observed momentum
distributions of the fragments were independent of the
speed of the fragmentation process. Furthermore, it was

300—

250

E 200—
O
6

g 150
O
O

Experiment
~ Optical (Rasmussen)
O Optical (Vary)

TABLE III. Distribution of isotopic cross section differences
between theory and experiment for 1.65A GeV argon beams
fragmenting in carbon and KC1 targets.

Percent
Difference

Percentage of cross sections
Carbon target KC1 target

0
8

I

10
I

12

Fragment charge number (ZF)

I

16
I

18

Within error bars
& 25'
26-50'
51—100'
& 100'

34
9

36
15
6

45

22
23

6

'Outside error bars but within specific percent difference band.

FIG. 1. Elemental production cross sections for argon pro-
jectiles fragmenting in carbon targets. The optical model pre-
dictions use the Oliveira-Donangelo-Rasmussen [11] and
Benesh-Cook-Vary [29] escape probability prescriptions.
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300—

250

200—
E

150 '—

1OO—

Experiment
~ Optical (Rasmussen)
Q Optical (Vary)

0

50—

0
8

I

0
I

10
I I

12 14

Fragment charge number (ZF)

I

16
I

18

found that the theory [7] predicted that the momentum
distributions of the heavy fragments were most sensitive
to the collision momentum transfers. Thus, the width h
of the Gaussian momentum distribution in any direction
would be modified by a mean squared momentum
transfer Q in that direction according to

g 2 2

(z')2=h'+
Az (14)

FICs. 2. Elemental production cross sections for argon pro-
jectiles fragmenting in KC1 targets. The optical model predic-
tions use the Oliveira-Donangelo-Rasmussen [11] and Benesh-
Cook-Vary [29] escape probability prescriptions.

Until recently, reported measurements of momentum
distributions were limited to longitudinal distributions
[25,33]. Although both experiments noted that the trans-
verse widths were approximately equal to the longitudi-
nal widths (within =10'), neither experiment measured
the transverse momentum distributions accurately
enough to draw definitive quantitative conclusions.

Several years ago, measurements of transverse momen-
tum distribution widths for fragments produced in the
breakup of 1.2A GeV ' La projectiles were reported
[34]. In that experiment, it was observed that the
momentum distributions were much wider than those
predicted by either the Goldhaber [7] or Lepore-Riddell
[30] models. Recent measurements of longitudinal and
transverse momentum distributions for fragments pro-
duced in the breakup of 1.65A GeV Ar projectiles in
carbon and KC1 targets have also been reported [27].
The longitudinal momentum downshifts were found to be
consistent with the momentum downshifts observed by
Greiner et al. [25]. The measured widths of the longitu-
dinal and transverse momentum distributions were con-
sistent in magnitude with Goldhaber's theory but larger
than those predicted by the theory of Lepore and Riddell,
and also larger than those predicted using Murphy's
phase-space constraint argument. More recently, data on
transverse momentum distribution widths for Au+C,
Au+Mg, and Nb+C collisions at relativistic energies
also indicate that Goldhaber theory based upon internal
Fermi momentum alone cannot explain the observations
[35].

where AF is the fragment mass number and A is the
mass of the fragmenting nucleus (note that we use the
symbol h, instead of o., to avoid confusion with the
cross-section expressions in the previous sections of this
paper). Similarly, the mean of the distribution is
modified as

I'~'=I' + Q (15)

From the latter, the longitudinal down shift (loss) is given
by

AF

where Ql is the magnitude of the longitudinal momentum
transfer.

Subsequent modifications of Goldhaber's theory incor-
porated Pauli correlation efFects [31] and phase-space
constraints [32] in the final states. Both modifications
narrow the predicted momentum widths from the
Goldhaber values.

A. Theory

In previous work [22,23], we used the impulsive excita-
tion energy ideas of Fricke [36], within the context of
composite particle multiple-scattering theory, to derive
an optical potential method of predicting momentum
transfers in relativistic heavy ion collisions. Using this
method as input into the Goldhaber formalism, fragment
momentum downshifts and widths were estimated [22]
and compared with the reported measurements for oxy-
gen and carbon beams [25] on various targets and for lan-
thanum beams on carbon targets [34]. Very good agree-
ment between theory and experiment was obtained. In
the present work, the model is used to estimate longitudi-
nal momentum downshifts and momentum distribution
widths which are compared with measured downshifts
and widths for Ar+C and Ar+ KC1 collisions.

From Eq. (19) of Ref. [22], the magnitudes of the longi-
tudinal momentum loss (transfer) is

where

Qt~(e&b)= ~p ~Tf d kp p(pg )fpd'r, p, (g, )&p f Imt(b+'+up CT ) (18)

d '

Qg(e b)= ApAT f d gppp(f )fpd gTpz (g'z')Vp f Ret(e b+z'+g'p g'T) (19)
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X exp[ x /—2B (e)], (20)

where o(e) and B(e) were described after Eq. (13) and
a(e) is the ratio of the real-to-imaginary part of the for-
ward scattering amplitude. At an energy of 1.652 GeV
a(e) =0.32.

At energies ~ 4003 MeV, nonlocal effects and the con-
comitant modifications of the nucleon-nucleon interac-
tion are important. Also, compression effects lead to
higher densities of the system. To account for these
effects, and to account for the disappearance of collective
Aow effects at certain energies called balance energies, we
defined the total transverse momentum transfer as [37]

Qi(e b) QR (e b) QR (Eo (21)

where Eo, the balance energy for the system, is estimated
from systematics [37].

In Eqs. (18) and (19) the nuclear densities p, (i =P, T) are
normalized to unity, the A,. are the mass numbers of the
colliding nuclei, and v is their relative velocity. The gra-
dient is taken with respect to the projectile internal coor-
dinates g'z, and t is the complex constituent-averaged
two-nucleon transition amplitude. The latter is
parametrized in the usual way as

t(e, x) = —(e/m)'~ o (e)[a(e)+i][2vrB(e)]

200
X-component, C target

150— Expt. (ref. 27)—Theory

100—

O

50

150—
a
CO

CC

100

Y-component, C target

Expt. (ref. 27)—Theory

50
0

I I I

10 20 30
Fragment mass number, AF

I

40

FIG. 3. Reduced transverse momentum widths as a function
of fragment mass number for the carbon target.

use a modified Lepore-Riddell model [30] where the oscil-
lator spacing is obtained from experimentally measured
nuclear radii. For argon projectiles, the intrinsic width
term is given by [38]

B. Results
h =70.7[ AF( Ap —A~)/( A p

—1)]'~ (24)
In this work, momentum transfer components given by

Eqs. (17) and (21) are used in Eqs. (14) and (16) to predict
momentum distribution widths and longitudinal down-
shifts. Following the methods of Ref. [22], the most
probable impact parameters for each fragmentation chan-
nel, used as inputs into the momentum transfer expres-
sions, are obtained from a semiempirical, abrasion-
ablation fragmentation model (NUCFRAG) [20]. For con-
sistency, the uniform, spherical density distributions used
in NUCFRACx are also used to solve Eqs. (18) and (19).

Analyses of momentum distribution variances or
"widths" are typically presented in terms of a reduced
width ho related to the total width h' [from Eq. (14)] ac-
cording to

where 3~=40. The agreement between theory and ex-
perirnent displayed in Figs. 3 and 4 is very good.

Unlike transverse momentum distributions which are
Lorentz invariant and have zero means in the projectile
rest frame, longitudinal distributions are not Lorentz in-
variant and have means which are downshifted with
respect to the projectile rest frame. Results for argon
fragmentation longitudinal momentum downshifts, in the

200
X-component, KCl target

Expt. (ref. 27)
150 —Theory

(h') =hoA~( Ai, —AF)/( Ap —1) . (22)

100—

Q. =Qy =Qi/&2, (23)

which is consistent with the experimental findings [27].
The procedure used to obtain these theoretical estimates
is to compute Qi using Eqs. (19) and (21). Equation (23)
is then used to estimate Q and Q, which are, in turn, in-
serted into the right-hand side of Eq. (14). Another input
into the right side of Eq. (14) is the intrinsic width h.
(j=x,y). These are usually estimated using statistical [7]
or sudden approximation [30] models. In this work we

Figures 3 and 4 display experimental reduced widths for
momenta transverse (x,y) to the beam (z) direction [27]
versus fragment mass number. Also displayed are
theoretical values obtained by assuming that

O
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FIG. 4. Reduced transverse momentum widths as a function
of fragment mass number for the KC1 target.
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FIG. 5. Fragment longitudinal momentum downshifts per
nucleon as a function of fragment mass number.
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rest frame, are displayed in Fig. 5 as a function of frag-
ment mass number. Also displayed are the experimental
values obtained with the HISS detector [27]. The agree-
ment between theory and experiment is good, considering
the simplified form of the nuclear densities used for the
calculations, and considering the absence of adjustable
parameters in the theory. The calculated means of the
downshifts are —15 MeV/c nucleon for the carbon target
and —22 MeV/c nucleon for the KC1 target. These are
in good agreement with the experimental values of—26. 1+3.7 MeV/c nucleon (carbon target) and—24.2+5. 1 MeV/c nucleon (KC1 target). The use of
simple uniform densities, which poorly represent the car-
bon nucleus, probably accounts for most of the disagree-
ment between the values for the carbon target.

To calculate the longitudinal momentum widths of the
fragments, the mean squared momentum transfer in the
longitudinal direction is needed [7]. From physics con-
siderations, this is the energy-momentum transfer associ-
ated with the width of the prefragment excitation. From
Eq. (18) of Ref. [22], this is

(25)

Incorporating Eq. (25) into Eq. (14) and using Eq. (22) to
extract ho yields the estimate displayed in Fig. 6. Also
shown are the experimental values [27]. The agreement
between theory and experiment is very good for the car-
bon target and only fair for the KC1 target. All displayed
values are given in the projectile rest frame.

Overall, the agreement between theory and experiment
for these momentum observables is very good; however,
some differences do exist. There is good agreement for
the carbon target longitudinal widths but only fair agree-

FIG. 6. Reduced longitudinal momentum widths as a func-
tion of fragment mass number.

ment for the downshifts. For the KC1 target the converse
is true. There we note excellent agreement for the down-
shifts but only fair agreement for the widths. Finally, for
the transverse width components, there is very good
agreement between theory and experiment for both tar-
gets. Clearly, additional experimental data for other
nucleus-nucleus collision pairs would be useful for under-
standing and resolving the differences.

IV. CONCLUDING REMARKS

Comparing theory with measurements for both frag-
mentation cross sections and momentum distributions
provides a more stringent test than comparisons with ei-
ther alone. For the first time, optical potential fragmen-
tation model predictions for both categories of observ-
ables have been directly compared with precise data for
both types of observables obtained in a single heavy ion
fragmentation experiment. Overall, the agreement be-
tween theory and experiment was excellent considering
the total lack of arbitrary fitting parameters in the model.
These results suggest that optical potential, abrasion-
ablation models can be reliably used to describe heavy ion
fragmentation reaction observables. The availability of
additional experimental data of the quality of these argon
measurements is eagerly awaited.
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