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Variation in rms charge radii of deuteron
and helium nuclei with Vs

Abstract. By considering energy-dependent form factors extracted from generalized Chou-Yang model, root mean
square (rms) charge radii of deuteron and helium nuclei (alpha) are predicted at different values of center of
mass energy which are in good agreement with theoretical predictions and experimental results. The rms radius
is inversely proportional to mass of nuclei. Besides, the relationship between radii and energy are also derived.
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Introduction

Matter and charge radii of nuclei play a key role in
understanding the nuclear physics. Many experi-
mental techniques are used to find the charge and
matter radii such as neutron scattering, electron
scattering, alpha emission and mirror nuclei isotopic
effect. It can also be calculated theoretically using
Hartee—Fock-Bogoliubov (HBF) with zero range
(Skyrme), HBF with finite range (Gogny), relativ-
istic mean field theory, extended Thomas-Fermi
model with Strutinski integral, macroscopic—mi-
croscopic approximation and Chou-Yang model.
In Chou-Yang model, hadrons are considered to be
the cluster of particles that pass through each other
during the process of collision [1-4]. Form factors
for hadron-hadron scattering, nuclei-nuclei scat-
tering and hadron-nuclei scattering are extracted
by using Chou-Yang model [5].

Deuteron and alpha are of great interest for
scientists. In the study by Hernandez et al. [6] and
Sick [7], physicists worked on radii of deuteron
and alpha, respectively. Recently, deuteron form
factors are calculated in the study by Gross [8]
and analysed in the study by Filin et al. [9]. In the
present study, we calculated the radii of deuteron
and alpha at six different values of center of mass
(c.m.s.) energy (Vs) using form factors [5, 10] ex-
tracted from Chou—Yang model. The curves for these
form factors with respect to energy are also plotted
(Figs. 1 and 2).

In 1960s the data regarding low c.m.s. energies
of Vs = 3-10 GeV [11] were presented, while in
1970s data at the energies of \s = 53-63 GeV were
reported [12, 13]. In 1980s, the work was done on
higher energies in the order of 10? GeV [14]. By
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Fig\] 2. Form factor of helium nucleus at different values
of s.

the end of the last millennium, the range of avail-
able energies ends around 2 TeV. Now results of the
TOTEM collaboration at the LHC at Vs = 7 TeV and
Vs = 8 TeV are published [15-17].

In the present article, radii of deuteron and al-
pha at Vs = 47, 68, 89, 126 GeV, 7 and 8 TeV are
reported. Using these deuteron and alpha radii, the
scattering amplitude and differential cross sections
can be calculated. These results for radii are in good
agreement with theoretical and experimental results,
while in the last section relationship between radii
and energy are provided.

Form factor of deuteron

Several groups worked on elastic electron deuteron
scattering [18-21]. Form factor of deuteron was
explained as the function of two structure func-
tions A(f) and B(¢). These structure functions are
considered as the mixture of the electric, magnetic,
and quadrupole form factors [22]. The simpler form
of the deuteron energy-dependent form factor was
proposed in the study by Aleem et al. [10] as

(1) F(t) — S(at+bcz) (Zdief,tectz )

witha = 0.246,b = 0.024, ¢ = -0.19,d, = 0.85,d, =
0.14,d5 = 0.01,f, = 20.07,f, = —0.47, fs = -1.47 [10].

In Fig. 1, the curves for form factor versus energy
(Vs) are plotted at energies 47, 68, 89 and 126 GeV,
7 and 8 TeV.

Form factor of alpha

There were many groups that have measured the
electromagnetic form factor of alpha at low four
momentum transfers [23-26]. The experimental
data are parameterized as

2) ()= 1-(a%) |

witha =0.316 fm and b=0.675 fm [26]. Another rela-
tion of the electromagnetic form factor is given as [25]

(3)  E,(t)=0.834¢" +0.1655(1—0.1157¢)¢ "7

These form factors are used in the geometrical
models to calculate the differential cross sections
that give satisfactory fit to the experimental data
of cross section in the region of low momentum
transfer. An energy-dependent form factor of alpha
is predicted in the following form [10]:

(4)  E(t)=s"%(1.03¢">" +3.251e"7 —0.03¢"'*")

In Fig. 2, the curves for form factor versus energy
(\s) are plotted at energies 47, 68, 89 and 126 GeV,
7 and 8 TeV.

Radii of helium and deuteron

With form factors for deuteron and alpha (defined
in Egs. (1) and (4)), rms charge radii are calculated
by using the following expression [27]:

) , dF(t
5) (r”)=—6n %

t=0

for energy, Vs = 47, 68, 89 and 126 GeV, 7 and 8 TeV.

Results and discussion

In Table 1, the calculated radii are written at differ-
ent values of energy. It is observed that deuteron
radius increases with increase in energy. However,
in case of alpha, radius decreases with increase in
energy.

These results are in good agreement with the
experimental results. It is observed that deuteron
nucleus has greater rms radius than alpha meaning
that radii depend on the number of nucleons and the
strong force among them. If there is more number of
nucleons, there will be stronger binding inside the
nucleus, decreasing the size of the nucleus. In Fig. 3, a
curve is plotted between rms radii of deuteron and Vs.

The relationship between the rms radii and the
energy is found by fitting the radii at 47, 68, 89 and
126 GeV with the following expression:

(6) <r2> =0, ln(\/§)+w2

We found o, = 0.06262 + 0.000078 fm and o, =
1.9951 + 0.000148 fm. The rms radii calculated by
Eq. (6) at 7 and 8 TeV give the same results as given
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Table 1. The rms radii of deuteron and alpha

Element s Experimental Radii (fm) Radii (fm) Our calculated Authors’ thesis

[GeV] rms radii [7] [28] rms radii (fm) (fm) [29]

47 2.09984 2.09984

68 2.10992 2.10992

89 1.9566 + 0.0019 2.11724 2.11724

Deuteron 126 [30] 2.130 = 0.010  2.12562 (78) 2 12666 5 12666
7000 2.23259 -
8000 2.23602 -

47 1.681 = 0.0004 1.63990 1.63990

68 - 1.59725 1.59725

89 - 1.56544 1.56544

Alpha 126 157 [31] - 1.52337 1.52337
7000 - 0.904946 -
8000 — 0.876933 —

in Table 1. So with Eq. (6), we can predict radii at
any value of energy.

In Fig. 4, alpha radii are plotted against the c.m.s.
energy, s.

The relation between the rms radii of alpha and
the energy is found by fitting the radii at 47, 68,
89 and 126 GeV, 7 and 8 TeV with the following
expression:

(7) <r2> :mnln(x/g)+m22

We found o;; = —0.346445 + 0.00523 fm and
02 = 2.234889 = 0.0014242 fm. The rms radii cal-
culated with Eq. (7) at 7 and 8 TeV give the same
results as given in Table 1. So with Eq. (7), we can
predict radii at any value of energy.
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Fig. 3. Graph between rms radii of deuteron at different
centers of mass energy.
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Fig. 4. Graph between rms radius of alpha nucleus and
the center of mass energy.

Conclusions

The results in Table 1 clearly indicate that the radius
of deuteron and alpha nuclei are energy-dependent.
It can also be inferred that mass is inversely propor-
tional to rms radii. It is also concluded that radii
decrease with the increase in number of nucleons.
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